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ABSTRACT — Effect of arsenic on ovarian steroidogenesis at the dose available in drinking water at
wide areas of West Bengal is reported here. Weights of ovary, uterus and vagina along with biochemical
activities of ovarian A®-38-hydroxysteroid dehydrogenase (A®-33-HSD) and 178-hydroxysteroid dehy-
drogenase (173-HSD) and plasma levels of LH, FSH and estrogen were measured in mature rats of the
Wistar strain at diestrous phase following subchronic treatment with sodium arsenite at a dose of 0.4
ppm/rat/day for 16 days (4 cstrous cycles) and 28 days (7 estrous cycles). A significant reduction in plas-
ma levels of LH, FSH and estrogen along with significant diminution in the activities of ovarian A%-3-
HSD and 17/3-HSD were observed following sodium arsenite treatment for 28 days. This duration of
treatment also resulted in a marked degree in diminution in the weights of ovary, uterus and vagina, but 16
days of treatment did not exhibit any significant effect on these above parameters. Arscnic-treated rats
exhibited a prolonged diestrous phase in the estrous cycle in contrast to control rats having 4 days of a reg-
ular cstrous cycle. Deposition of arsenic in ovary, uterus, vagina and plasma was also monitored in
arsenic-treated rats. The results of our experiment suggest that duration of arsenic treatment is the critical
factor for its adverse effect on ovarian activitics at the dose within the range noted in drinking water at
several areas of West Bengal in India.

KEY WORDS: Arscnic, Female sex organs, Ovarian steroid dehydrogenase, Estrogen, Gonadotrophic
hormones

INTRODUCTION

Arsenic is a nonessential trace element. There are
several reports which found that it is an important water
pollutant, even present in drinking water in several
countries, such as India [many districts of West Bengal]
(Mazumder et al., 1988; Saha, 1991), Bangladesh
(Chatterjee et al., 1995; Nickson et al., 1998), Northern
Chile, Thailand, Taiwan, China, Inner Mongolia,
Mexico, Argentina, Finland and Hungary (Chappell et
al., 1997), and creating an epidemic of ‘Arsenic Dermato-
sis’ along with hyperkeratosis, gangrene and skin can-

cer (Mazumder et al., 1988; Saha, 1995; Chowdhury et
al., 1997). This trace element is used frequently in her-
bicides, insecticides, rodenticides, food preservatives
and as a byproduct of used fossil fuel (Baxley et al.,
1981; Flora et al., 1995). Arsenic is also used for the
treatment of syphilis, amoebiosis and certain other trop-
ical discases (Kawaguchi, 1981; Klaassen, 1990).
Besides its clinical utility, arsenic intoxication is associ-
ated with severe metabolic disorders along with hepatic
toxicity (Mahaffey er al., 1981) and adrenal gland hyper-
trophy (Ghosh et al., 1999), inhibition in testicular
steroidogenesis (Sarkar et al., 1991) as well as sper-
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matogenesis (Sukla and Pandey, 1984). Arsenic expo-
sure also results in structural changes in the thymus of
pregnant and newborn mice (Skal’naia et al., 1995) and
long-term exposure is associated with abortion, low
birth weight and reduced lactation (Donald et al.,
1995). From the literature survey it has been revealed
that therc is lack of reporting related to the effect of
arsenic on ovarian steroidogenic functions at the dose
available in drinking water in wide areas of India and
in other countries where this trace element is present at
the range of 0.2 - 0.8 ppm in drinking water (Saha,
1991). Based on this literature survey, we have selected
here the medium dose i.c. 0.4 ppm in connection with
our previous cxperiment (Ghosh et al., 1999), and this
dose is present in drinking water at maximum zones of
arsenic-polluted areas in India. Therefore, the results of
this cxperiment will be very helpful to the community
for general awareness of the toxic effects of arsenic on
the female reproductive system,

MATERIALS AND METHODS

Animal selection and care

Forty adult female albino rats (8 weeks of age) of
the Wistar strain having a regular 4-day estrous cycle
and weighing 150 g-160 g were selected for this exper-
iment. Animals were maintained under standard labora-
tory conditions (14hr light: 10hr darkness and 30+2C)
with free access to food and water. The Principles of
Iaboratory Animal Care (NIH publication no. 85-23,
revised 1985) were followed throughout the experi-
mental schedule.

Arsenic treatment, study of estrous cycle and sample
collection

To explore the minimal effective duration of sodi-
um arsenite on ovarian function, animals were divided
into four groups. Their initial body weights were record-
ed and volume of daily watcr intake of each animal
was studied for 10 days prior to experimentation, and
this was 10 ml. Each control animal was provided with
10 ml distilled water/day and each animal of the treated
group was provided with 10 m distilled water contain-
ing Na-arsenite at the concentration of 0.4 ppm for 16
days and 28 days according to the experimental sched-
ule. Vaginal smear was collected twice daily (8 A.M.
and 4 PM.) from all animals. Smears were stained by
hematoxylin-cosine and observed under the micro-
scope. Feeding habits of all the animals were observed
throughout the experimental schedule. All the animals
were sacrificed by decapitation at the diestrous phasc
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after 20 hr of the last arsenic treatment. Body weights
of all the animals were also recorded on the day of sac-
rifice. Blood was collected from the dorsal aorta using
a heparinized syringe (21- gauge needle). Plasma sam-
ples were separated by centrifugation and stored at
-20C until all the samples had been used for the deter-
mination of plasma Icvels of gonadotrophins, estrogen
and arsenic. Ovary, uterus and vagina were dissected
out and organs’ weights were measured by single pan
electronic balance. All these organs were used to moni-
tor the level of arsenic deposition by atomic absorption
spectrometry (Varian AA 575 ABQ, USA). Ovaries
from each animal were also used to assay the activities
of steroidogenic enzymes in a biochemical manncr.

Assay of ovarian AS-33- and 173-hydroxysteroid
dehydrogenase activities

To study ovarian A’-33- hydroxysteroid dehydro-
genase (A>-38-HSD) and 1783-hydroxysteroid dehydro-
genase (173-HSD) activities, one ovary from each ani-
mal was homogenized, maintaining a chilling condition
at 4C in 20% spectroscopic grade glycerol containing
5 mM potassium phosphate and 1 mM EDTA at a tis-
sue concentration of 10 mg/ml homogenizing mixture
with a homogenizer (Remi R Q - 127A, Mumbai, India).
This mixture was centrifuged at 10,000 g for 30 min at
4C in a cold centrifuge (Beckman, Avanti TM30, USA).
The supernatant (1 ml) was mixed with 100 /M sodi-
um phosphate buffer (pH 8.9) and 30 ug of dehy-
droepiandrosterone (DHEA) making an incubation
mixture of a total of 3 ml. A’-38-HSD activity was
measured after addition of 0.5 #M of NAD to the tissue
supcrnatant mixture in a spectrophotometer (U-2001,
Hitachi, Tokyo, Japan) at 340 nm against a blank (with-
out NADP) (Talalay, 1962). For ovarian 173-HSD
activity measurement, the supernatant fluid (1 ml) of
the homogenizing mixture was collected the same way
and 440 M of sodium phosphate buffer (pH 10.2), 25
mg crystalline BSA and 0.3 xM testosterone was added,
making the incubation mixture a total 3 ml. Enzyme
activity was measured after addition of 1.1 xM NADP
to the tissue supcrnatant mixture in a spectrophotome-
ter at 340 nm against a blank (without NADP) (Jarabak
et al., 1962). One unit of enzyme activity is equivalent
to a change in absorbancy of 0.001 / min at 340 nm,

Radioimmunoassay (RTIA) of LH, FSH

Plasma levels of LH and FSH were measured by
RIA (Moudgal and Madhwa Raj, 1974) using reagents
supplied by the Rat Pituitary Distribution Program and
NIDDK (Bethesda, MD). Carrier free '%[ for hormone
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iodination was obtained from Bhaba Atomic Research
Center (Mumbai, India). Pure rat FSH (NIDDK-rFSH-
I-5) and LH (NIDDK-rlLH-I-5) were iodinated using
the Chloramine-T (Sigma Chemical Co., St.Louis,
MO) (Greenwood et al., 1963). NIDDK anti-rat-FSH-
S-11 and NIDDK anti-rat-LH-S-5 were used as anti-
sera at final dilutions of 1: 2,500 and 1: 10,000, respec-
tively. Goat anti-rabbit y-globulin was used as the sec-
ond antibody. It was obtained from Indo-Medicine
(Friendswood, TX). The intra-assay variations were
6% and 5% for FSH and LH, respectively. All samples
wcre run in one assay to avoid inter-assay variation.

Radioimmunoassay (RIA) of estrogen

Plasma level of estrogen was assayed by RIA
(Hanning et al., 1974). Methodological loss during extrac-
tion was monitored by adding 10,000 cpm (18, 23-
3H(N)) cstradiol before cxtraction with 4 ml of diethyl
ether twice. Samples were assayed in duplicate. The
anti-sera to estradiol was purchased from Endocrine
Science (Tarzana, CA), and it has a 40% cross-reactivi-
ty with estrone. Free and bound estradiol were separat-
ed by using dextran-coated charcoal. The intra-assay
variation was 6.5%. All samples were run at one time
to avoid inter-assay variation. Since a chromatographic
purification of the samples was not performed, the val-
ues reported are the sum of estradiol and estrone.

Determination of elementary arsenic content

Arsenic contents in plasma and ovarian, uterine,
vaginal tissues were measured by atomic absorption
spectrometry (Locke, 1979; Nurenberg, 1982; Imelda
et al., 1996). Thirty mg of ovarian tissue, 50 mg of
uterine and vaginal tissues, and 0.5 ml of plasma were
fixed in formaldehyde and dried at 150°C for 20 min to
evaporate the formaldehyde. Next, samples were trans-
ferred inside quartz beakers which had been washed
with 1 : T HNOs and H2804 solution. Samples were
digested with 2 ml pure nitric acid mixture inside a
digestion chamber at 150°C for 20 min. Until a small
volume was obtained, beakers were capped and enclosed
samples were boiled. Digested samples were filtered
and diluted up to 25 ml with de-ionized distilled water.
The same de-ionized water was used as blanks and a
rcading taken in the Varian AA 575 ABQ (USA) mode)
of the atomic absorption spectrometer.

Statistical analysis

Statistical significance of the differences in these
variables between treated cases and controls were eval-
uated using the two-tailed Students ¢ test (Zar, 1996).

Differences of data (Mean=+SE, N=10), p< 0.05 were
considered significant statistically.

RESULTS

Feeding habit, body growth and organ weights

Animals of all groups received a diet at a normal
level throughout the experimental schedule, and there
was no change in the volume of water intake per ani-
mal in each group throughout the duration of the exper-
iment. Body weight of arsenic-treated animals did not
differ significantly from that of the control (Table.1).
No significant alteration was noted in the wct weights
of ovary, uterus and vagina after 16 days of arsenic
treatment in respect to control. After 28 days of arsenic
treatment, there was a significant inhibition in the wet
weight of these sex organs in comparison Lo the respec-
tive control group (Table 1).

Vaginal smear study

In control groups regular four-day cstrous cycles
were noted, whereas in the case of the treated group a
constant diestrous stage was observed jusl after 182
days of arsenic ingestion.

Ovarian A%-3 3-HSD and 173-HSD activities

Twenty-eight days of arsenic treatrnent exhibited a
significant inhibition in ovarian A*-33-HSD and 17-
HSD activities in comparison with controls, but no sig-
nificant change was observed in these enzymatic activi-
ties after 16 days of arsenic exposure in respect to the .
control group (Fig. 1).

Plasma FSH, LH and estrogen

* Arsenic treatment for 28 days resulted in a signifi-
cant reduction in plasma levels of LH, FSH and estro-
gen (Fig. 2) in comparison to controls, whereas 16 days
of treatment did not alter the plasma levels,of these
hormones significantly.

Arsenic content in plasma and sex organs

Elementary arsenic decomposition in plasma, ovary,
uterus and vagina was monitored and the levels of
arsenic in all thesc tissues of treated animals for both
durations were significantly elevated when compared
with the control group (Table 2).

DISCUSSION

These results provide evidence for the adverse effect
of sodium arsenite on the pituitary-ovarian axis whep the

Vol. 24 No. 5

[UR IR S - R I )



428

D. GHOSH et al.

level of arsenic in water is within the range of arsenic-
polluted drinking water noted in different areas of West
Bengal in India. The term of 28 days (7 estrous cycles)
of arsenic trcatment is the critical duration that affects
the pituitary-ovarian axis. Inhibition in the activitics of
ovarian A>-38-HSD and 173-HSD in rats in this exper-
iment may be due to the result of low levels of plasma
LH and FSH, since these gonadotrophins are responsi-
ble for regulating the activities of these steroidogenic
cnzymcs (Odell et al., 1963). Plasma levels of estrogen
were decreased, and the decreases may be due to the
inhibition of A>-33-HSD and 173-HSD activities in the
ovary, as these are rate-limiting key enzymes for ovari-
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an steroidogenesis (Hinshelwood ef al., 1994). Diminu-
tion in plasma levels of LH and FSH in arsenic-treated
rats may be due to the hypersecreation of ACTH and
glucocorticoids (Ghosh et al., 1999), since the high lev-
el of ACTH in plasma inhibits gonadotrophin secretion
(Christian, 1964; Ogle, 1977) and elevation in plasma
levels of glucocorticoids inhibits the sensitivity of
gonadotrophin cells to the gonadotrophin-releasing hor-
mone (GnRH), as well as suppressing gonadotrophin
secretion (Luton et al., 1977; Ringstrom and Schwartz,
1985; Kamel and Kubajak, 1987). .
The diminution in ovarian, uterine and vaginal
weighls in arsenic-treatcd rats may be due to low plas-

17B-HSD

M Control

Na-Arsenite
Treated

Fig. 1. Changes in ovarian A%-3 3 and 17 8- hydroxystcroid dchydrogenase
activilies in rats treated with 10 ml water/day containing Na-arsen-
ite at the concentration of 0.4 ppm for 16 and 28 days. Controls

- were provided with 10 ml water/duy for the same duration. Data arc
cxpressed as mean -+ SE (N=10). An asterisk indicates an experi-
mental value significantly different from the respective control val-

ue (p< 0.001).

Table 1. Changes in body weight, and ovarian, uterine and vaginal weights after arsenic treatment in rats,

GROUP Initial body Final body
wt. (g) - wt(®

Control 151t6 168+7

(16 days)

Na-arsenite treated 154+8 165+9

(16 days)

Control 15717 17245

(28 days)

Na-arsenite treated 159+7 169°1-6

(28 days)

Ovarian wt. in Utcrine wt. Vag_ina] wt.
pair (mg) (mg) (mg)
96.34:5.2 1347173 143.8+7.1
83.5+54 119.6+7.4 126.7:16.4
94.8:145 155.3+7.1 153.6+7.2
55.2+5.1*% 102.2+74* 81.51:7.5%

Rats were tre;t.ed with 10 ml water/day ct;maining Na-argem'te at the concentration of 0.4 ppm for 16 and 28 days. Controls were

provided with 10 m! water. Mean=+SE, N=10, * p < 0.001.
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ma levels of LH, FSH and estrogen, since ovarian
weight is regulated by gonadotrophins (Tagatz et al.,
1970; Kulin and Reiter, 1973), whereas uterine and
vaginal weights are under the rcgulation of estrogen
(Edran, 1983).

The duration-dependent adverse effect of arsenic
on ovarian activities reflects the mode of action of
arsenic on the pituitary-ovarian axis. A 28-day arsenic
exposure cxerted detrimental effects on ovarian steroido-
genesis and resulted in marked diminution in plasma
levels of LH, FSH and estrogen along with low ovari-
an, uterine and vaginal weights, though 16 days of
treatment had no such effect on these above parame-

e

LH F ESTROGEN e
T - SH 20 - B Control
351 n i . B Na-Arsenite
.l B § - L Treated
on L I o
2.5 pEd D -
R el s
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e e e " "
57y

ng / mi plasma
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ters. Therefore, it may be suggested that arsenic possi-
bly has no direct effect on ovarian activities. Consistent
diestrous in arsenic-treated rats after 18+2 days may
be due to low plasma levcls of estrogen (Parshad et al.,
1989) and it also indicates the indirect effect of arsenic
on the ovary i.e. via the pitnitary-ovarian axis. As there
was no significant alteration in body weight of the
treated animals with respect to controls, these adverse
effects of arsenic on the ovary were not due to its gen-
eral toxic effect but may be due to its toxicity on target
organs.

In conclusion, the results presented here provide
evidence that arsenic treatment is associated with a

-.‘-_.--:g---__-

pg / ml plasma

28DAYS

Fig.2. Changes in plasma levels of LH, FSH and estrogen in rats treated with 10 m! water/day con-
taining Na-arsenite at the concentration of 0.4 ppm for 16 and 28 days. Controls were pro-
vided with 10 ml water/day for the same duration, Data are expressed as mean £+ SE (N=10),
An asterisk indicates an experimental value significantly different from the respective con-
trol value (p< 0.001).

Talll_e 2. Elementary arsenic content in ovary, utcrus, vagina and plasma before and after arsenic treatment.

GROUP ARSENIC CONTENT

Ovary (1g/g) Uterus ( 2g/g) Vagina (1 g/g) Plasma (g / 100 ml)
Control 2524021 3.500.18 0.45:-0.08 0.3362-0.005
(16 days) s o
Na-arsenite treated 5.80+0.2¢* 9.50+0.35+ 1.3210.14% 212 +0.01* .
(16 days)
Control 2.57+0.3 3.55+0.22 0.50+0.1 0.40 +0.009
(28 days)
Na-arsenile treated 6.601:0.15% 11.431+0.25+ 1.4610.1* 241 +0.01*
(28 days)

Rats were treated with 10 ml water/day containing Nu-arsenite at the concentration of 0.4 ppm for 16 and 28 days. Controls were
provided with 10 m! water. Mean= SE, N=10, * p<0.001.
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reduction in the activities of ovarian steroidogenic
dehydrogenase, low plasma levels of LH, FSH and
estrogen, and diminution in thc weights of uterus,
ovary and vagina. In addition, our data suggest an
effect of arsenic at the pituitary level. If arsenic would
have acted only at the ovarian axis, then we would
have increased levels of plasma gonadotrophins after
16 days of treatment by the withdrawal of a negative
feedback effect on the pituitary by estrogen. Moreover,
our experimental data also support the point that ovari-
an activity is affected by sub-chronic arsenic treatment
when the level of arsenic in drinking water is within the
range found at wide areas of West Bengal, India.
Therefore, these results provide important conceptual
information concerning possiblc adverse effects of
arsenic on the ovarian function, and our data have an
applied value in environmental toxicology. However,
morc information is necessary to better understand the
effect of arsenic on the functional physiology of the
female reproductive system.
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( Abstract

Background: Arsenic, a major pollutant of water as well as soil, is a known endocrine disruptor, and shows adverse
effects on the female reproductive physiology. However, the exact molecular events leading to reproductive
dysfunctions as a result of arsenic exposure are yet to be ascertained. This report evaluates the effect and mode of
action of chronic oral arsenic exposure on the uterine physiology of mature female albino rats.

Methods: The effect of chronic oral exposure to arsenic at the dose of 4 microg/m for 28 days was evaluated on adult
female albino rats. Hematoxylin-eosin double staining method evaluated the changes in the histological architecture
of the uterus. Circulating levels of gonadotropins and estradiol were assayed by enzyme-linked immunosorbent assay.
Expression of the estrogen receptor and estrogen-induced genes was studied at the mRNA level by RT-PCR and at the
protein level by immunohistochemistry and western blot analysis.

Results: Sodium arsenite treatment decreased circulating levels of estradiol in a dose and time-dependent manner,
along with decrease in the levels of both LH and FSH. Histological evaluation revealed degeneration of luminal
epithelial cells and endometrial glands in response to arsenic treatment, along with reduction in thickness of the
longitudinal muscle layer. Concomitantly, downregulation of estrogen receptor (ER alpha), the estrogen-responsive
gene - vascular endothelial growth factor (VEGF), and G1 cell cycle proteins, cyclin D1 and CDK4, was also observed.

Conclusion: Together, the results indicate that arsenic disrupted the circulating levels of gonadotropins and estradiol,
led to degeneration of luminal epithelial, stromal and myometrial cells of the rat uterus and downregulated the
downstream components of the estrogen signaling pathway. Since development and functional maintenance of the
uterus is under the influence of estradiol, arsenic-induced structural degeneration may be attributed to the reduction
in circulating estradiol levels. Downregulation of the estrogen receptor and estrogen-responsive genes in response to
arsenic indicates a mechanism of suppression of female reproductive functions by an environmental toxicant that is

contra-mechanistic to that of estrogen.

.

J

Background

Arsenic is a naturally occurring metalloid with potent
toxic and mutagenic effects [1]. It is present ubiquitously
in the environment and is released from both natural and
man-made sources [2]. Arsenic in drinking water is one
of the topmost environmental threats worldwide, based
on the potential exposure of people to arsenic and the
numerous diseases with which it has been associated [3-
6]. In Southeast Asian countries like India, Bangladesh
and Taiwan, millions of people are threatened by arsenic
poisoning, leading to several diseases and disorders, and
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even death [7]. The problem of arsenic poisoning is not
only restricted to developing countries but developed
nations like USA, Germany, China, Japan and Australia
are also plagued by problems of arsenic contamination
[8,9]. Interestingly, inorganic arsenic is found to be more
potent .than the organic form and trivalent compounds
are found to be more toxic than pentavalent ones [10].
Chronic intake of arsenic is strongly associated with an
increased risk of skin, lung, liver and other cancers, type 2
diabetes, cardiovascular diseases, neurological and cogni-
tive defects, and reproductive and developmental prob-
lems [11-16). According to World Health Organization,
the permissible limit of arsenic in drinking water is 0.01
mg/l, which is equivalent to 10 ppb [9,15,17,18]. Recently,
however, it has been reported that there is an increased
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risk of arsenic toxicity, even at the low and permissible
dose of 10 ppb [9,15-17]. However, a large population all
over the world is exposed to far higher levels of arsenic
[19-23]. In certain areas in the Indian subcontinent, the
maximum arsenic concentration in ground water was
found to be around 3700 ppb [24] to 4700 ppb [18], lead-
ing to several physiological damages to human beings.
Although arsenic is not a direct acting xenotoxin or
mutagen, it may increase DNA damage or mutations
indirectly by altering DNA repair, thus acting as a co-car-
cinogen or promoter of tumor growth [25].

Till date, there is very little information regarding the
mechanism of arsenic action on the ovarian steroidogenic
function and the female reproductive axis, particularly in
wide areas of India and other countries, where the levels
occurring in drinking water exceed the admissible limits
of 10 ppb [20-22,24]. It is, however, known that women
who are exposed to this level of arsenic often suffer from

spontaneous abortion and stillbirth [26], and maternal-

exposure to arsenic also affects the health of newborn
and promotes carcinoma incidences in them [27-29).
Although it has been hypothesized that the reproductive
hazards may be due to disruption of the steroid hormone
signaling pathway [30,31], the actual target of arsenic is
probably a part of the mechanism which is used to regu-
late gene expression and not just the receptor itself [31].
The estrogen receptor (ER) is the most divergent of all
steroid hormone receptors and may undergo divergent
co-regulatory interactions and unique activation/de-acti-
vation steps. Previous studies have suggested that arsenic
can interfere with ER functioning, although the exact
mechanism remains to be ascertained [31]. Since arsenic
acts as a potent environmental estrogen [32], it was expli-
cable to study the arsenic-stimulated estrogen receptor
signaling pathway, expression of estrogen responsive
genes such as VEGF, and G1 cell cycle regulatory proteins
CDK#4 and cyclin D1, since these molecules are known to
be primary responsive factors to estrogen administration
in the rat uterine endometrium [33-35]. Thus, the objec-
tive of this study was to elucidate the role of arsenic as an
endocrine disruptor and determine the molecular mech-
anism underlying arsenic action in the rat uterus.

Methods

Animals

Female Sprague-Dawley rats, aged 15-16 weeks and
weighing 100-120 g, were collected from the breeding
colony and maintained under controlled conditions (25 +
2°C temp, 50 + 15% RH and normal photoperiod 12 h
dark and 12 h light) through out the experiment. The ani-
mals were given sterile food pellets and water ad libitum
and allowed to acclimatize to the laboratory environment
for 5 days prior to the commencement of the experi-
ments. The Principles of Laboratory Animal Care (NIH
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Publication No 85-23, revised in 1985) as well as specific
Indian Laws of Animal Protection (ILAP) were followed
through out the experimental schedule.

Drug treatments, selection of optimum dose and time and
study of estrous cycle

Sodijum arsenite (E-Merck, Germany) was used for study.
All other chemicals were procured from Sigma Aldrich
(USA). The rats were divided randomly into different
groups, each containing 5 animals. Group I (control
group) animals were fed 10-12 ml pure distilled water/
animal/day, while other groups were fed the same volume
of water containing sodium arsenite at different concen-
trations (0.4 pg/ml, 4 pg/ml, 40 pg/ml and 80 pg/ml) [27-
29,36-38] and maintained for different time periods (7
days, 14 days, 28 days and 56 days) in order to determine
the optimum dose and time of arsenic action. The opti-
mum time and dose of arsenic action, as determined by
circulating estradiol concentrations, were selected for all
subsequent experiments. The dose of arsenic thus
selected conforms to environmentally relevant concen-
trations. Vaginal smears were collected every morning
from all of the animals before fresh treatment of arsenic.
The smears were double stained with eosin-hematoxylin
and examined microscopically.

Tissue and blood collection

Animals were anesthetized by intraperitoneal injection of
sodium barbital. Uteri were quickly removed from the
experimental animals and washed in 0.9% (w/v) cold nor-
mal saline, pat dried and weighed in an electrical
monopan balance (Lutron GM-300 P). Small representa-
tive tissue slices were processed for histological and
immunohistochemical studies, RNA isolation and pro-
tein purification. Blood was collected from the heart and
serum was isolated for ELISA.

Assay of serum estradiol, LH and FSH

ELISA (DRG International ELISA Kit) was performed for
estimating the circulating levels of estradiol, LH and FSH.
For assay of serum estradiol, 25 pl each of standard, can-
trol and treated serum samples were added to respective
wells coated with anti-estradiol antibody and incubated
with 200 pl of enzyme conjugate for 2 hours at room tem-
perature. Subsequently, 100 yl of substrate was added and
incubated for 15 minutes at room temperature. Reactions
were stopped using 50 pl of stop solution and the O.D.
was measured at 450 nm. Each sample was run in tripli-
cate [39). For assay of serum FSH and LH, 25 pl of stan-
dard, control or treated serum samples were added to
respective wells coated with anti-FSH and anti-LH anti-
bodies and incubated with 100 pl of énzyme conjugate for
30 minutes at room temperature. Wells-were washed with
aqua dest and 100 pl of substrate was added to each well.
After incubation for 10 minutes at room temperature,
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reactions were stopped using 50 pl of stop solution and
the O.D. measured at 450 nm [38,39]. The intra-assay and
inter-assay variations were found to be less than 9% and
10%, respectively. Limit of detection for estradiol was 3.6
pg/ml, for LH was 0.45 mIU/ml and for FSH was 0.28
mlU/ml

Histology and morphometric analysis

Uterine slices (selected randomly from the proximal,
middle and distal regions of the uterus) from control and
treated animals were fixed in bouins fluid. Graded dehy-
dration of the tissue was done by 70 to 100% alcohol in
subsequent steps and xylene was used as the clearing
agent. For histological studies, 5 i paraffin sections were
stained by standard hematoxylin-eosin double staining
procedure and observed under a microscope [31]. The
stained sections were subjected to morphometric analysis
using the eye piece scale (occulometer) and the stage
micrometer. The stage and the eye piece scales were
adjusted until there was a parallel point between the two
scales, The number of the eye piece divisions and its cor-
responding stage measurements was noted. The occu-
lometer fixed into the microscope was then focused
through stained sections of the tissue to allow for mea-
surement of the luminal diameter, height of luminal epi-
thelial cells, size of endometrial glands and longitudinal
muscle layer [40].

Immunohistochemistry

Immunohistochemistry was performed according to a
previously established protocol [26]. Briefly, sections
were deparaffinized, hydrated, boiled in 0.1 M sodium
citrate buffer (pH 6.0) for 10 minutes and treated with 3%
(v/v) HyO, in PBS (30 min) to block endogenous peroxi-
dase activity. Non-specific staining was blocked by incu-
bating the sections with bovine serum at room
temperature. Sections were subsequently incubated with
rabbit anti-ER IgG (sc-542, Santa Cruz Biotech, CA,
1:500) for 18 hours at 4°C and then with goat anti-rabbit
HRP-conjugated secondary antibody (1:1000) for 1 hour
at room temperature. Peroxidase was visualized using
3,3-diaminobenzidine. The sections were counterstained
with hematoxylin. Slides that served as negative controls
were not incubated with the primary antibody [27].
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RNA extraction and semi-quantitative RT-PCR

Uterine tissues were collected from the arsenic-treated
and untreated rats. 100 mg of tissue samples were frozen
quickly in liquid nitrogen and total RNA was isolated
using TRI reagent (SIGMA), dissolved in DEPC water
and quantified by UV spectrophotometry. The RNA sam-
ples were subjected to DNase treatment prior to RT-PCR.
Reverse transcription reaction was performed at 42°C
with 5 pg of RNA in 5x reaction buffer (Fermentas, USA)
containing 100 pmol random hexamer primer, 10 mM
dNTP mixture (Fermentas, USA), 20 units of RNase
inhibitor (Bioline, USA) and 200 units of RevertAid™ M-
MulLV Reverse Transcriptase (Fermentas, USA). PCR was
initiated using 2.5 pg cDNA, 10 mM dNTPs and 1 unit of
Taq DNA Polymerase (Vivantis, USA). PCR amplifica-
tions were performed using the primers listed in Table
1[41-45]. PCR was carried out for 40 cycles using an
annealing temperature of 58°C for ERa and 55°C for
VEGF, CDK4 and cyclin D1. Samples were fractioned by
2% agarose gel electrophoresis and quantified using a
BioRad Gel Documentation System.

Western blot analysis

Tissue samples were lysed in ice-cold RIPA Buffer (150
mM NaCl, 50 mm Tris, 0.1% Triton X-100 and 0.1% SDS
containing protease inhibitors [4-(-2-aminoethyl benze-
nesulphonyl fluoride), EDTA, leupeptin, aprotinin and
bestatin, SIGMA]. The concentration of total protein was
determined by Bradford assay and equal amount of pro-
teins (30 pg) were fractioned by 8% SDS-PAGE. Proteins .
were electrically transferred to PVDF membranes and
blocked for 2 hours at room temperature with 5% non-fat
dry milk. Blots were subsequently incubated with ERa,
VEGF and CDK# antibodies raised in rabbit and cyclin
D1 antibody raised in mouse (1:1000), for 18 hours at 4°C.
Antij-B tubulin was used as a loading control: Blots were
subsequently incubated with HRP-conjugated goat anti-
rabbit and goat anti-mouse IgG secondary antibodies
(1:2000), respectively, for 1 hour at 25°C. Immunoreactive
proteins were detected by staining the membranes with
3,3'-diaminobenzidine in 50 mM Tris (pH-7) containing
0.2% H,0, [46] and bands were quantified by a BioRad
Gel Documentation System.

Table 1: Sequences of the oligonucleotides used for semi-quantitative RT-PCR

Gene Forward primer Reverse primer Ref.
ERa GGAGACATGAGAGCTGCCAAC CCAGCAGCATGTCGAAGATC 41]
VEGF GATCAAGTTCATGGACGTCT GATCAAGTTCATGGACGTCT [43]
CydinD1 CTGGCCATGAACTACCTGGA GTCACACTTGATCACTCTGG [45]
GAPDH GACATCAAGGTGGTGAAGCAG CACCCTGTTGCTGTAGCCATATTC [42)
CDK4 TGGTGTCGGTGCCTATGGGA GGTAGCTGTAGATTCTGGCT [44]
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Statistical analysis
Results of the experiments performed in triplicates were
expressed as mean and standard error of mean of differ-
.ent groups, using a statistical software package (Graph-
pad). The differences between the mean values were
evaluated by one-way ANOVA followed by multiple Stu-
dents’ t-tests. P-values less than 0.05 were considered sta-
tistically significant [47,48]. Densitometric analysis of the
RT-PCR and western blot results were carried out using
NIH Scion Image analysis to assess the fold-change in
arsenic-treated rats as compared to the control‘animals.

Results

Effect of arsenic on food consumption, body weight and
estrous cycle

It was observed that during the entire duration of the
experiment, water intake and food consumption of the
control and treated rats remained unchanged. In addi-
tion, the body weights of the treated artimals were not sig-
nificantly different from that of the control ones.
However, after 28 days of arsenic treatment, a significant
decrease in the wet weight of uterus was observed in
comparison to the control group (Table 2). In addition, in
the control group, regular estrous cycles of 4-5 days were
noted whereas, in the arsenite-treated group, a constant
diestrous phase was observed after 22 + 2 days of arsenic
treatment.

Dose and time-dependent effect of arsenic on serum
estradiol levels

In order to determine the effect of arsenic on serum
estradiol levels in female Sprague-Dawley rats, the opti-
mum dose responsible for the changes and the minimum
time required to initiate maximum changes were resolved
by ELISA of serum estradiol. Rats were treated with dif-
ferent doses of sodium arsenite and monitored at the end
of 28 days. As depicted in Figure 1a, the serum estradiol
levels reduced at a dose of 0.4 pg/ml and decreased by 4-
fold in rats fed with arsenic-containing water at a dose of
4 ug/ml, as compared to control rats (p < 0.05). The level
did not decrease further when the rats were fed arsenic-

Table 2: Body weight and uterine wet weight in response to
4 pg/ml arsenic treatment for 28 days in adult female rats
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Figure 1 Serum estradiol levels of untreated and arsenic treated
female Sprague Dawley rats. Rats were exposed to different doses of
sodium meta-arsenite for different time periods, as mentioned in the
Methads section. (a) Arsenic has & dose-dependent inhibitory effect on
circulating estradiol levels. The dose at which maximum reduction is
observed is 4 ug/ml, beyond which the level does not change signifi-
cantly. Each value represented as mean + SE, n = 3, p < 0.05. (b) The
minimum time period required to initiate the maximum decrease in
estradiol levels is 28 days. No further reduction is observed even when
rats were exposed to arsenic for 56 days. Each value represented as
mean & SE, n = 3, p < 0.05.

Treatment Body weight (in gm) Uterine wet
weight (in mg)
Control 132+1.67 146 £ 2.31
4 ug/ml NaAsO, 131.6+1.32 104.3 £ 1.94%

Individual weights of control and arsenic-treated rats were
attained at the end of the experimental schedule. Each value
represents mean  SE, n = 5. (ANOVA followed by multiple
Students' t-tests, ** p < 0.01, as compared with respective control).

. J

containing water at the dose of 40 pg/m! and 80 pg/ml.
The minimum time required for maximum effect of arse-
nic was resolved to be 28 days, beyond which continuous
treatment did not affect the serum estradiol levels up to a
period of 56 days (Figure 1b). Hence, all subsequent
experiments were performed with the optimum effective
dose and time of 4 pg/ml (equivalent to 4 ppm) and 28
days, respectively.

Effect of arsenic on serum concentration of LH and FSH
LH and FSH are gonadotropins which are upstream com-
ponents of estradiol signaling, and are required for the



Chatterjee and Chatterji Reproductive Biology and Endocrinology 2010, 8:80

http://www.rbej.com/content/8/1/80

development and quantitative maintenance of normal
reproductive cycle in pubertal rats. It was observed that
chronic exposure of rats to 4 pg/ml sodium arsenite for
28 days significantly decreased the serum LH and FSH
concentrations (Figure 2), as detected by ELISA. Synthe-
sis and secretion of estradiol is under the control of these
gonadotropins, hence rendering them important compo-
nents of sex steroid regulation. Thus, the reduction of LH
and FSH may therefore be responsible for the consequent
reduction in estradiol levels, as seen above.

Arsenic-induced histological changes of the uterus

Histological analysis of 4 pg/ml arsenic-treated rats
showed significant alterations in the uterine morphology
as compared to the untreated rats. Occulometric studies
revealed rats that were exposed to arsenic showed a
decrease in (i) the size and invaginations of the uterine
luminal diameter, (ii) height of luminal epithelial cells,
(iii) number and organization of endometrial glands, and
(iv) the width of the myometrium (Table 3). The compact,
tall, columnar epithelial cells lining the highly invaginated
lumen of the untreated uterus (Figure 3a) were well
defined as compared to the treated uterus (Figure 3b),
with rounded nuclei located on a prominent basement
membrane (Figure 3c). However, the height and organiza-
tion of the epithelial cells were affected with arsenic treat-
ment and revealed distortion of the cells with irregular-
shaped nuclei, along with disappearance of a distinct
basement membrane (Figure 3d). Additionally, the num-
ber and size of endometrial glands in the endometrial
stroma were well defined in the control uterus (Figure 3e)
and were significantly reduced in the treated animals
(Figure 3f). Reduction in the thickness of the longitudinal
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Figure 2 Serum gonadotropin levels of untreated and arsenic-
treated female rats. Spraguc-Dawley rats were treated with 4 ug/mi
sodium meta-arsenitc for 28 days, as described in the Methods section.
Ihe results indicate that arsenic has an inhibitory-effect on serum levels
of both LH and FSH (white bars), as compared to the control animals

{black bars). Each value represented as mean + SE, n = 3,p<0.05. J
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muscles comprising the myometrium, as compared to the
untreated uterus (Figure 3g), was also observed in the
uterus of rats exposed to arsenic (Figure 3h).

Effect of arsenic on estrogen receptor expression
Immunohistochemical localization of estrogen receptors
were detected by staining for the ERa proteins in the uteri
of arsenic treated and untreated rats. Uterus from
untreated rats showed presence of ERa (Figure 4a)
whereas rats exposed to arsenic showed significant
downregulation of ERa in the uterine endometrium (Fig-
ure 4b). Similar results were observed in the muscle layer
of the control (Figure 4c) and the arsenic-treated uterus
(Figure 4d). In order to further validate the effect of arse-
nic on the expression of estrogen receptors in the rat
uterus, the expression was monitored both at the RNA
transcript levels and at the protein levels. Semi-quantita-
tive RT-PCR confirmed that the level of ERax was down-
regulated as a result of arsenic treatment as compared to
the control uterus (Figure 5a). Western blot analyses fur-
ther confirmed that concentration of the estrogen recep-
tor protein declined by almost 2-fold as a result of
exposure to arsenic (Figure 5b).

Effect of arsenic on vascular endothelial growth factor
Since arsenic is a potent environmental estrogen and
responsible for downregulation of the estrogen receptor,
we investigated the effects of arsenic on the estrogen sig-
naling pathway. Concomitantly, we selected vascular
endothelial growth factor (VEGF) as the estrogen-
responsive gene, since it is known to respond primarily to
estrogen administration in the uterine epithelium and
stroma. The expression of VEGF was thus evaluated at
the transcriptional and translational levels. Semi-quanti-
tative RT-PCR revealed a 2-fold reduction of VEGF tran-
scripts and protein in the arsenic-treated rat uterus
(Figure 6), indicating that arsenic not only down regulates
the estrogen receptor, but also disrupts the downstream
gene expression in the rat uterus.

Effect of arsenic on the cell cycle regulatory proteins

It is well established that decreased levels of estrogen can
affect the expression of the cell cycle regulators, espe-
cially those that are involved in the G1-S transition,
chiefly cyclin D1 and CDK4. Concomitantly, we investi-
gated if arsenic, which decreased the serum estradiol lev-
els and estrogen receptor expression in female rats, would
additionally alter the expression of cyclin D1 and CDK4.
The results indicated significant reduction in cyclin D1
and CDK4 mRNA levels in uteri of rats exposed to arse-
nic, as compared to unexposed rats (Figure 7a). Concom-
itant downregulation in the expression of cyclin D1 and
CDK4 proteins was also observed in uteri of rats exposed
to arsenic treatment (Figure 7b).
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Table 3: Luminal diameter, height of luminal epithelial cells, diameter of endometrial glands and width of longitudinal
muscles in different experimental groups of adult female rats

Treatment Luminal diameter (um)* Height of luminal epithelial Diameter of endometrial Width of longitudinal muscle
cells (pm)s glands (um)$ layer (um)s
Control 45.88 + 1.87 1844+ 0.19 58.95 +3.04 75.89+0.68
4 ug/mi NaAsO, 10.72 £ 0.51** 5.7 +.04%+* 16.61 + 0.44* 37.69 + 1.6**

Histological analysis was carried out for each control and arsenic-treated rat, and the uterine parameters were measured by occulometry.
Each value represents mean i SE, n = 5. (ANOVA followed by multiple Students't-tests, ** p < 0.01, *** p < 0.001, as compared with respective

controls). # Magnification: 10x; S magnification: 40x.

Discussion

In this study we report the effects of inorganic arsenic on
the estrogen signaling pathway in rats, along with con-
comitant alterations of the uterine morphology and pro-
liferation, to unravel the putative mechanisms behind
reproductive failures associated with arsenic exposure.
Rats were chronically (28 days) exposed to arsenite (4 pg/
ml) in drinking water in order to establish a correlation
between uterine pathology, serum estradiol and gonado-
tropin concentrations, and alterations in expression of
the estrogen receptor and downstream components,
involved with uterine tissue architecture and function,
following arsenic treatment. It is evident from the results
that arsenic exposure diminishes the circulating levels of
both gonadotropins and estradiol. This is further sup-
ported by the fact that ovarian steroidogenesis involves
enzymes regulated by the gonadotropins FSH and LH,
both of which have been reported to be inhibited follow-
ing exposure to arsenic [49]. Consequently, low serum
levels of FSH and LH in arsenic-treated rats lead to
reduction in estradiol production and thus secretion into
circulation. Some reports have postulated that the
decrease in gonadotropin levels may be due to an
increase in plasma glucocorticoids in arsenic-treated rats,
since increase in ACTH levels is known to suppress
gonadotropin secretion [38].

The finding that arsenic exposure did not affect the
total body weight during the exposure period, but
decreased the uterine wet weight by almost 30% may be
attributed to the fact that the effect of arsenic is very spe-
“cific to the uterus in the tested time period. This is fur-
ther supported by the fact that estradiol regulates uterine
weight, and thus, low levels of estradiol lead to the spe-
cific reduction of uterine wet weight in the exposed ani-
mals. In addition, constant diestrus in arsenic-treated rats
after 20 + 2 days may also be due to low serum levels of
estradiol [50-52].

In addition to altering the uterine wet weight, arsenic
also leads to tissue degeneration in the uterus. The
degenerative changes may be attributed to adverse effects
caused by decreased serum estradiol levels, since uterine

growth is primarily dependant on estradiol. The insuffi-
cient concentration of estradiol failed to maintain the
normal uterine architecture and led to degeneration of
the luminal epithelial cells and endometrial glands. Arse-
nic is known to generate reactive oxygen species and
leads to oxidative damage to several components of the
cell, including denaturation of proteins critical to cell
functions [53-58). Thus, degeneration of the uterine
endometrial components may be associated not only with
downregulated serum estradiol levels but also with
increased production of reactive oxygen species following
exposure to arsenic [56).

Arsenic is known to act as a potent environmental
estrogen [32]. Subsequently, it was hypothesized that
arsenic may mimic an estrogenic mechanism to induce
lesions in the rat uterus, disrupt the estrogen signaling
pathway and consequently lead to reproductive failures.
Accordingly, the effect of arsenic on the expression of
estrogen receptor, the estrogen responsive gene VEGF,
and cell cycle regulatory proteins like CDK4 and cyclin
D1 was investigated in the rat uterus. It is known that the
estrogen receptor is a hormone-activated transcription
factor which mediates the biological effects of estrogen in
the target tissue by stimulating the expression of estro-
gen-regulated genes. The sensitivity of a given tissue to
estrogen thus varies with the level of estrogen receptors
present in it [59). Our studies have revealed that arsenic
treatment significantly downregulated the expression of
ERa and its downstream element VEGF in the uterus,
indicating that arsenic either suppresses the bonafide
action of estradiol on the uterus by decreasing the expres-
sion of specific receptors, at both the mRNA transcript
and protein levels, or acts via a parallel mechanism in the
rat uterus that eventually disrupts the estrogen signaling
pathway and the G1 cell cycle proteins responsible for cell
proliferation. Estradiol-regulated VEGF is chiefly respon-
sible for modulating in vivo angiogenesis in the uterus,
and its downregulation by arsenic may be a primary cause
for spontaneous abortions, still-births and other repro-
ductive failures. The D-type cyclins are known to be rate-
limiting for the progression through the G1 phase of the
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Figure 3 Alterations in tissue architecture of arsenic-treated rat
uterus. Rats were treated with or without 4 pug/ml arsenic for 28 days.
33, 3¢, 3e and 3g: control sections; 3b, 3d, 3f and 3h: arsenic-treated
sections. Uterine sections were subjected to double staining with he-
matoxylin and eosin and examined under the microscope. (33, 3b) A
significant decrease in width and invaginations of the arsenic-treated
uterine lumen was observed in the treated sections (10x magnifica-
tion) as compared to untreated one. (3c, 3d) Reduction in the height of
luminal epithelial cells (as measured by occulometry) in the arsenic-
treated sections was observed as compared to untreated one (40x). In
addition, degencration of the layer was also noted in the treated uter-
us. (3¢, 3f) Arsenic treatment resulted in a significant reduction in the
size of endometrial glands, with disappearance of the lumen and dis-
organization of the epithelial cells lining the glands. (3g, 3h) As com-
pared to the control uterus, significant reduction in size and
organization of the longitudinal muscle layer was observed in the arse-
nic-treated uterine sections.

\. J

cell cycle [60]. In fact, a strong correlation between the
expression of increased levels of cyclin D1 mRNA and ER
over-expression has been reported [61]. In addition,
estrogens are known to increase cell proliferation by
recruiting resting cells into the cell cycle, reducing the
length of G1 phase and promoting entry of cells to the S
phase [62]. Arsenic, on the other hand, decreased the
expression of uterine estrogen receptors, and conse-
quently suppressed cell cycle progression and reduced

Figure 4 Immunohistochemical localization of estrogen receptor
in the rat uterine sections. Rats were treated with arsenic for 28 days
and tissues were stained for the presence of the estrogen receptor. Ar-
senic significantly downregulated the estrogen receptors in the endo-
metrial stroma (4b) as compared to the untreated uterus (4a). In
addltion, the expression of estrogen receptors was also decreased in
the longitudinal muscle layer {4d) in contrast to the expression in the J

muscle layer of the control uterus (4c).

S

the proliferation-promoting effects of estradiol in the rat
uterus,

Conclusions

It may thus be concluded that sodium arsenite is a non-
steroidal environmental estrogen that is responsible for
reducing the serum levels of gonadotropins and estradiol,
which in turn lead to uterine tissue degeneration and dis-
ruption of the estrogen signaling pathway. The effects of
arsenic on the uterus may occur by reducing the expres-
sion of estrogen receptors and estrogen responsive genes,
and/or by generating reactive oxygen species that lead to
oxidative damage of the proteins involved in the estrogen
signaling pathway, that regulate the uterine structure and
function. Interestingly, liver toxicity assays carried out in
our laboratory did not indicate significant differences in
the SGPT or SGOT levels in the experimental animals as
compared to the control ones (data not shown). Hence, it
may be imperative to state that level of arsenic which
failed to reduce general body weight of the rats or even
affect the liver toxicity enzymes, were capable of bringing
about such severe detrimental changes in the uterine
physiology and steroid signaling pathway. Finally, our
study demonstrates that arsenic at low but chronic doses,
relevant to the exposure level in different parts of the
world, is a major endocrine disruptor and thus, may be
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Figure 5 Effect of arsenic on estrogen receptor expression at the
mRNA transcript and protein levels. Downregulation of the estro-
gen receptor in the arsenic-treated uterus was observed both at the
mRNA transcript levels, as determined by RT-PCR (a), and at the protein
levels, as determined by western blot analysis (b). The data shown is a
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Figure 6 Arsenic downregulated VEGF expression in the rat uter-
us. Expression of VEGF, an estrogen-responsive gene, was observed to
be downregulated both at the transcriptional (a) and translational lev-
els (b), as determined by semi-quantitative RT-PCR and western blot
analysis, respectively, in the uterus of arsenic-treated rats. The data

representative of the experiments carried out in triplicate.

responsible for the different reproductive failures seen in
women exposed to such levels of arsenic.
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Figure 7 Regulation of G1 cell cycle proteins by arsenicinrats. Fe-
male rats were treated with arsenic at a dose of 4 pg/ml for 28 days. Cy-
clin D1 and CDK4 exprcssions were analyzed both at the mRNA levels
(a) and protein levels (b), using GAPDH and B-tubulin as loading con-
trols, respectively. It was observed that arsenic downregulated both
cyclin D1 and CDK4 (white bars) in the uterus of Sbrague-DawIey rats,
as compared to the control animals (black bars). The data shown is a
representative of the experiments carried out in triplicate.
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Tobacco smoking is a bladder cancer risk factor and a source of carcinogens that induce DNA damage to urothelial cells. Using
data and samples from 988 cases and 1,004 controls enrolled in the Los Angeles County Bladder Cancer Study and the Shanghai
Bladder Cancer Study, we investigated associations between bladder cancer risk and 632 tagSNPs that comprehensively capture
genetic variation in 28 DNA repair genes from four DNA repair pathways: base excision repair (BER), nucleotide excision repair
{NER), non-homologous end-joining (NHEJ) and homologous recombination repair (HHR), Odds ratios (ORs) and 95% confidence
intervals (Cls) for each tagSNP were corrected for multiple testing for all SNPs within each gene using pACT and for genes within
each pathway and across pathways with Bonferroni. Gene and pathway summary estimates were obtained using ARTP. We
observed an association between bladder cancer and POLB rs7832529 (BER) (pacr = 0.003; Ppatsway = 0:021) among all, and
SNPs in XPC (NER) and 0GG1 (BER) among Chinese men and women, respectively. The NER pathway showed an overall association
with risk among Chinese males (ARTP NER p = 0.034). The XRCC6 SNP rs2284082 (NHE)), also in LD with SREBF2, showed an
interaction with smoking (smoking status interaction pyene = 0.001, Ppathway = 0.008, poveran = 0.034), Our findings supporta
role in bladder carcinogenesis for regions that map close to or within BER (POLB, 0GG1) and NER genes (XPC). A SNP that tags
both the XRCC6 and SREBF2 genes strongly modifies the association between bladder cancer risk and smoking.
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Urinary bladder cancer is among the 10 most common can-
cers worldwide, with its age standardized incidence rate vary-
ing by gender and world regions.! In Los Angeles County
non-Hispanic white men have the highest incidence rate of
bladder cancer, followed by Hispanic, African-American and
Asian-American men, in spite of comparable profiles of
tobacco use. Women show a similar pattern of incidence
rates by race, although the overall rates are much lower than
men.? Chinese from Shanghai have about two-third the inci-
dence rate of bladder cancer of Chinese in Los Angeles.® Cig-
arette smoking and occupational exposure to arylamines are
the main established risk factors.* Tobacco smoking contrib-
utes upwards of 50% of bladder cancer occurrence in men
and 20% in women®; although more recent data suggests that
in the United States the population attributable risk of smok-
ing among men and women might now be comparable.® In
addition to smoking and occupational exposure to aryl-
amines,” use of hair dyes has been identified as a bladder
cancer risk factor.®

Chemical carcinogens present in tobacco smoke, such
as polycyclic aromatic hydrocarbons, aromatic amines,
heterocyclic amines and N-nitroso compounds and aryl-
amines from other sources, can induce DNA damage in
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What's new?

DNA repair, smoking and bladder cancer risk

DNA repair plays a vital role in maintaining DNA integrity in bladder epithelial cells exposed to carcinogens from tobacco
smoke. As a result, genetic variations in DNA repair genes could modify bladder cancer risk. Here, analysis of 28 genes that
participate in four DNA repair pathways suggests that certain variants in base excision repair and nucleotide excision repair
genes may contribute to bladder cancer formation specifically in Chinese populations. Gene-by-environment Interaction analy-
ses that included non-Hispanic whites and Chinese suggest that double strand breaks might be the most detrimental fype of

tobacco-induced DNA damage leading to bladder cancer.

the bladder epithelium.® In addition, reactive oxygen spe-
cies (ROS) present in tobacco smoke,' and also generated
as a by-product of chemical carcinogen metabolism,'"!2
can contribute to additional DNA damage. Altogether,
chemical carcinogens and ROS can contribute to the accu-
mulation of bulky adducts, single (SSB) and double strand
breaks (DSB) and various forms of nucleotide base modifi-
cation or loss which can lead to genomic instability. Modi-
fied or lost bases and SSBs are generally repaired through
the base excision repair pathway (BER). DSBs are repaired
by either the non-homologous end joining (NHE]) or the
homologous recombination repair (HRR) pathways. Bulky
adducts are repaired by the nucleotide excision repair
(NER) pathway.

Given the important role DNA repair pathways play in
maintaining DNA integrity, it has been postulated that inter-
individual genetic variation in these pathways may modify
bladder cancer risk. Consistent with this hypothesis, individu-
als with reduced DNA repair proficiency were reported to
have higher risk of developing bladder cancer.'® Several epi-
demiological studies have investigated the bladder cancer
associations with candidate polymorphisms in selected DNA
repair genes, and a large pooled and meta-analysis of most of
these studies offered support for a role of selected DNA
repair variants in bladder carcinogenesis." More recently, a
comprehensive analysis of the NER pathway was conducted
which offered further support for a role for DNA repair var-
iants in bladder cancer risk.’®

In this study, we report findings from an extensive
pathway-based examination of 632 haplotype-tagging SNPs
selected to examine common variation in coding and non-
coding regions across 27 DNA repair-related genes, belonging
to four DNA repair pathways: BER (APEX1, LIG3, NEILI,
OGG1, PARP1, POLB and XRCCI), NER (ERCCI, ERCC2,
ERCC4, ERCC5, LIGI, POLDI, XPA and XPC), NHE]
(DCLREIC, LIG4, PRKDC, XRCC4, XRCC5 and XRCC6) and
HRR (MRE11A, NBN, RAD50, RAD51, RAD52, XRCC2 and
XRCC3). We conducted these analyses using data from two
parallel case-control studies that were similarly designed and
carried out in areas of high and low bladder cancer risk: the
Los Angeles Bladder Cancer Study and the Shanghai Bladder
Cancer Study. We considered the potential modifying role of
DNA repair SNPs on the association of gender and smoking
with bladder cancer risk.

Material and Methods

Study population

Study participants were enrolled as part of two population-
based case-control studies of transitional cell carcinoma of the
urinary bladder conducted in Los Angeles County, California,
USA and Shanghai, China. Characteristics of the Los Angeles
Bladder Cancer (LABC) and Shanghai Bladder Cancer (SBC)
studies have been described previously.'®"” Briefly, the Los
Angeles County Cancer Surveillance Program was used to
identify cases diagnosed with histologically confirmed bladder
cancer, among non-Asian cases between the ages of 25 and 68
years of age from 1987 through 1996. Using a standard proce-
dure,'® controls were identified among residents of the cases’
neighborhoods of residence and individually (1:1) matched to
cases by gender, race/ethnicity and age (+5 years). In Shang-
hai, the Shanghai Cancer Registry was used to identify cases
diagnosed with histologically confirmed bladder cancer, resi-
dents of the city of Shanghai and between the ages of 25 and 74
years of age from 1995 to 1998. A previously described algo-
rithm was used to randomly identify population-based controls
from within the city of Shanghai,’® who were frequency
matched to bladder cancer cases by gender and five year age
groups. In-person questionnaires administered to all study par-
ticipants were used to collect demographic, lifestyle and medi-
cal characteristics up to the reference date, which in Los
Angeles was defined for each case-control pair as two years
before the case’s diagnosis and in Shanghai was defined as two
Years prior to diagnosis for cases and two years prior to inter-
view for controls. Mean time interval between bladder cancer
diagnosis and interview was 11 months for bladder cancer
cases in Los Angeles County, and 7 months for bladder cancer
cases in Shanghai.’*'” Blood specimens were collected at -the
time of interview. Analyses in the current study were restricted
to 936 non-Hispanic Whites (NHW) from Los Angeles County
(456 cases and 480 controls) and 1,056 Han Chinese from
Shanghai (532 cases and 524 controls) with DNA and ques-
tionnaire data, The study was approved by Institutional Review
Boards at the University of Southern California, the Shanghai
Cancer Institute and the University of Pittsburgh.

Tagging SNP selection
Tagging SNPs (tagSNPs) for each DNA repair gene region
were selected using Snagger'” based on the HapMap CEPH
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(Utah residents with Northern and Western European Ances-
try (CEU)) population and Han Chinese in Beijing, China
(CHB), population using data from HapMap release 21, July
2006. TagSNPs were selected using the following criteria:
minor allele frequency (MAF) > 5%, pairwise ¥ > 0.80 and
a distance from the closest SNP greater than 60 base pairs on
the Illumina platform. For each gene, the 5-UTR- and 3'-
UTR regions were extended to incude SNPs ~20 kb
upstream and ~10 kb downstream. In regions of no or low
LD, tagSNPs with a MAF >5% at a density of ~1 per kb
were selected from either HapMap or dbSNP. Finally, non-
synonymous tagSNPs and seletted investigator selected SNPs
were included regardless of the MAF. With the tagging
approach used we were able to capture on average 95.6%
(range from 83% to 100%) of genetic variation in CEU and
96.2% (range from 85% to 100%) in CHB, when considering
the HapMap release 21, July 2006. This coverage is likely to
be lower if we considered the more recent 1,000 Genomes as
reference panel.

SNP genotyping and quality control

Peripheral blood lymphocytes were subjected to proteinase K
digestion, phenol-chloroform extraction and ethanol precipi-
tation for the purpose of DNA extraction. SNPs were geno-
typed on the DNlumina GoldenGate BeadArray genotyping
platform® (Mlumina, Inc, San Diego, CA, USA) at the
Genomics Core of the USC Norris Comprehensive Cancer
Center. The Bead Studio software program was used to clus-
ter and call genotypes according to standard Illumina proto-
cols. In addition to Nllumina QC measures, cases and controls
were mixed on genotyping plates and blinded duplicate sam-
ples were included. The observed concordance for duplicate
samples was >99%. Genotype data from 30 CEPH trios
(Coriell Cell Repository, Camden, NJ) was also used to con-
firm genotyping reliability and reproducibility. TagSNPs were
excluded if more than three discordant genotypes were found
in comparison with genotypes from the International Hap-
Map Project.

Further stringent criteria were applied to ensure quality
genotyping data. We required that all SNPs have call rates
>0.90 for the combined LABC-SBC study after eliminating
SNPs which failed completely. Of the 632 SNPs, five SNPs
were eliminated due to call rates of 0%. Supporting Informa-
tion Table 1 describes all 627 SNPs in this study, including
their minor allele frequencies among NHW and Chinese con-
trol populations. Analyses that stratified on race were
restricted to SNPs with MAF >5% among Los Angeles con-
trols (545 SNPs) or SNPs with MAF >5% among Shanghai
controls (542 SNPs). Combined analyses of LABC and SBC
were restricted to SNPs with MAF >5% among controls
from both study sites (469 SNPs). We required all individuals
had overall call rates >90% and excluded from analyses 192
individuals with overall call rates less than 90%. After exclud-
ing subjects with call rates less than 90%, we had genotyping
results available for 1,800 individuals out of a total of 1,992.
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Individuals with genotyping data did not differ significantly
from those without genotyping data for key characteristics,
such as those listed in Table 1.

* Deviations of observed genotype frequencies from those
expected under Hardy-Weinberg equilibrium (HWE) were
examined among Los Angeles and Shanghai controls sepa-
rately using exact tests. The p-value when testing deviations
of observed genotype frequencies from those expected under
HWE was deemed significant if p < 0.00008 using exact tests
(Bonferroni-corrected p-value; & = 0.05/627). We did not
observe evidence of deviations of observed from expected val-
ues among Los Angeles non-Hispanic white controls or
Shanghai Chinese controls.

Statistical analysis

SNP main effects. In order to include all available individu-
als in our study, regardless of availability of 1:1 matched con-
trols, we grouped individuals according to their reference age
(<45, 45-49, 50-54, 55-59 and >60 years for Los Angeles
non-Hispanic whites and <45, 45-49, 50-54, 55-59, 60-64
and >65 years for Shanghai Chinese), gender and study site
and used it to group individuals in conditional logistic regres-
sion models used to estimate relative risks with odds ratios
(ORs) and 95% confidence intervals (95% CI). Assuming a
log-additive mode of action, we estimated per-allele ORs and
95% CI for the associations between each tagSNP and blad-
der cancer. Models were adjusted for smoking status (never/
quit/current) in the reference year. Analyses were conducted
separately by study site and jointly with adjustment for study
site; we assessed for potential heterogeneity of SNP main
effects across both study sites using likelihood ratio tests.
Given the observed disparities in bladder cancer incidence
between males and females, both in Los Angeles and Shang-
hai, we hypothesized that different environmental risk factors
could associate with each gender. If some of these risk factors
contribute to bladder carcinogenesis through the accumula-
tion of DNA damage, we speculated that we could observe
different associations between DNA repair SNPs and bladder
cancer for males and females. To test this hypothesis, we
assessed potential heterogeneity of SNP main effects by gen-
der using likelihood ratios tests.

Multiple testing' was conducted in a hierarchical bottom-
up manner. We first corrected for multiple SNP tests within
each gene region, then for multiple genes within the corre-
sponding DNA repair pathway, and finally across all four
DNA repair pathways investigated. Specifically, for each SNP
within each gene region, crude p-values (p_.q4.) were cor-
rected for multiple testing using the Pacy (p-value adjusted
for correlated tests) approach implemented within R*' We
corrected for overall significance across gene regions within
each pathway (Ppunway) using a Bonferroni correction of the
Pycr corrected p-value. Finally, we further corrected for over-
all statistical significance across all four investigated pathways
(Poveran) using a Bonferroni correction of the pathway specific

(ppnthwuy) P -value.
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Table 1. Characteristics of non-Hispanic whites in Los Angeles County and Shanghai Chinese

Los Angeles County Shanghai
Cases Controls Cases Controls

n = 456 n = 480 n =532 n=>524
Mean age at enroliment (SD) 56 (x7) 56 (x8) 63 (*10) 64 (x10)
Age at enrollment (y)
<45 51 (11%) 62 (13%) 51 (10%) 43 (8%)
45-49 54 (12%) 57 (12%) 30 (6%) 17 (3%)
50-54 83 (18%) 93 (19%) 38 (7%) 25 (5%)
55-59 138 (30%) 128 (27%) 43 (8%) 63 (12%)
60~-64 129 (28%) 104 (22%) 137 (26%) 116 (22%)
>65 1 0%) 35 (7%) <0.001 233 (44%) 260 (50%) 0.016
Gender
Male 357 (78%) 374 (78%) 421 79%) 404 (77%)
Female 99  (22%) 106 (22%) 0.890 111 21%) 120 (23%) 0.424
Smoking status .
Never 83 (18%) 183 (38%) 178 (33%) 233 (44%)
Former 173 (38%) 212 (44%) 75 (14%) 84 (16%)
Current 200 (44%) 85 (18%) <0.001 279 (52%) 207 (40%) <0.001
Smoking intensity (cigarettes/day)
Never 83 (18%) 183 (38%) 178 (33%) 233 (44%)
<20 75 (16%) 88 (18%) 164 (31%) 155 (30%)
>20 298 (65%) 209 (44%) <0.001 190 (36%) 136 (26%) <0.001
Smoking duration (years)
Never 83 (18%) 183 (38%) 178 (33%) 233 (45%)
<29 162 (36%) 190 (40%) 106 (20%) 101 (19%)
>29 211 (46%) 107 (22%) <0.001 248 (47%) 190 (36%) 0.001
Pack-years of smoking
Never 83 (18%) 183 (38%) 178 (33%) 233 (44%)
<24 pack-years 116 (25%) 151 (31%) 155 (29%) 142 (27%)
>24 pack-years 257 (56%) 146 (30%) <0.001 199 (37%) 149 (28%) 0.001

Pathway analyses. In order to capture gene and pathway
level effects that may not be detectable through any single
SNP, we performed gene-based and pathway-based tests
using the Adaptive Rank-Truncated Product (ARTP)
method.” ARTP adaptively combines single SNP p-values
within a gene region or a pathway to obtain a single test sta-
tistic for the gene or pathway and assesses significance of the
test via a permutation procedure. Unlike a multiple testing
procedure like Ppcy, which accounts for multiple SNP tests
in order to properly control the type I error, ARTP combines
information across SNPs within a gene or a pathway in order
to increase the power to detect a gene or pathway level effect.

SNP-smoking interactions. We investigated SNP-smoking
interactions considering the following smoking variables:
smoking status (never, former, current), smoking intensity

(never, <20, >20 cigarettes per day), smoking duration
(never, <29, >29 years of smoking) and pack-years of smok-
ing (never, <24, >24 pack-years). Three-level variables were
generated using the median value among smoking controls as
a cut point for cigarettes per day, years of smoking and
pack-years. Interactions between SNPs and exposures were
investigated on a multiplicative scale using conditional logis-
tic models, assuming a log-additive mode of risk and using
likelihood ratio tests that included product terms between
each tagSNP and a three-level exposure variable coded with
dummy variables. Tests of trend across categories of exposure
were conducted by assigning median values to every tertile of
exposure and modeling the categories as continuous. Interac-
tion between SNPs and smoking status assumed that smoking
status (never = 0, quit = 1, current = 2) was a categorical
variable in the interaction model, while the p-values for trend
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were calculated assuming smoking status as continuous in
the interaction model.

Similar to our hierarchical approach for multiple testing
correction for SNP main effects, within each gene region,
crude interaction p-values for each SNP (interaction Perude)
were adjusted using a Bonferroni correction (Pacr supports
multiple tests of SNP main effects but not multiple tests of
SNP by exposure interactions) that considered the number of
SNPs investigated within each corresponding gene region
(interaction pye,e). These corrected interaction p-values were
further adjusted using a Bonferroni correction for the num-
ber of gene regions within each specific pathway (interaction
Ppathway)- Finally, these corrected interaction p-values were
further adjusted using Bonferroni for pathway-wide signifi-
cance (interaction Poyera), considering that a total of four
pathways had been investigated. In all levels of correction,
statistical significance was declared if corrected p-values were
<0.05. All statistical tests conducted were two sided and all
analyses were performed using Stata 11/SE (Stata Corpora-
tion, College Station, TX) and the statistical package R 2.15
(The R Project for Statistical Computing, http://www.r-pro-
ject.org).

Results

Characteristics of cases and controls are summarized in Table
1. Briefly, males accounted for approximately 80% of study
participants in both Los Angeles County and Shanghai. Mean
age at enrollment for cases was 56 years of age in Los
Angeles County and 64 years of age in Shanghai. While 44%
of Shanghai cases were older than 65 years of age, less than
1% of Los Angeles cases were older than 65 years of age.
Reported rates of cigarette smoking were higher among Los
Angeles County cases and controls than among Shanghai
cases and controls.

DNA repair SNPs and bladder cancer risk

We investigated associations between DNA repair tagSNPs
and bladder cancer risk among NHW from the LABCS and
Chinese from the SBCS, separately and combined. Among
the 545 tagSNPs investigated among NHW in the LABC
study 21 showed statistically significant associations with
bladder cancer (peug. < 0.05); however, none remained sig-
nificant after within gene region correction (pacy > 0.05).
None of these 21 tagSNPs showed statistically significant
associations among Shanghai Chinese (Supporting Informa-
tion Table 1).

Among the 542 tagSNPs investigated among Shanghai
Chinese, 30 tagSNPs were statistically significantly associated
with bladder cancer (pgue. < 0.05), and five of them
remained statistically significant after multiple comparisons
adjustment within gene region (Pacy < 0.05): one in the
POLB gene (rs7832529, OR = 1.5; 95% CI = 1.2-1.9; pacr
= 0.003), one in the POLD] gene (rs2244095, OR = 0.8;
95%Cl = 0.6-0.9; pacr = 0.025) and three in the XPC gene
(rs2607734, OR = 13, 95% CI = L1-1.6, pacr = 0.020;
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0.024;
0.028)

1.3; 95%CI
1.3, 95%CI

1.1-1.6, Pacr

152279017, OR = =
= 1.1-1.6, pacr =

rs2228001, OR
(Table 2).

Among the 469 tagSNPs investigated among the LABC
and SBC combined, 24 tagSNPs showed statistically signifi-
cant associations with bladder cancer (pea. < 0.05). Only 3
tagSNPs—the same ones we observed to be associated among
Shanghai Chinese from the SBCS—remained statistically sig-
nificant after multiple comparisons adjustment within gene
region (pacr < 0.05): one in the POLB gene (rs7832529, OR
= 15, 95% CI = 1.2-1.9, pacr = 0.003) and two in the
POLD1gene (rs2244095, OR = 0.8, 95% CI = 0.7-0.9, Pacr
= 0.018; rs2546551, OR = 0.8, 95% CI = 0.7-0.9, Pact = 0.049)
genes (Table 2). Of these three SNPs, only one remained stat-
istically significant when correcting for all genes within the
corresponding pathway (BER) and showed a borderline sig-
nificant association when correcting for all pathways consid-
ered (POLB rs7832529 pacr = 0.003; Ppathway = 0.021; Poverat
= 0.084). None of these three tagSNPs showed statistically
significant heterogeneity by racial groups (NHW versus Chi-
nese); results among Chinese and NHW were of similar mag-
nitude and direction but were statistically significant only
among Chinese. Conversely, the three tagSNPs in the XPC
gene found to be statistically significantly associated with
bladder cancer risk among Chinese showed heterogeneity by
race (rs2607734 heterogeneity p = 0.041; rs2279017 heteroge-
neity p = 0.044; rs2228001 heterogeneity p = 0.058), with the
association being restricted to Chinese.

(']

DNA repair SNPs and smoking Interactions

We conducted gene by smoking interaction analyses among
NHW and Chinese combined. None of the SNPs previously
identified to associate with bladder cancer risk (Table 2) were
found to modify the risk of smoking on bladder cancer.
XRCC6 (rs2284082), XPA (rs7853179), XRCC3 (rs709400)
and DCLREIC (rs1079622) were found to modify the effect
of smoking across different measures of exposure, with inter-
action test p-values that achieved statistical significance
within each gene, but not at the pathway level (Table 3). The
only exception was XRCC6 SNP rs2284082 (NHEJ pathway),
which showed an interaction that achieved within gene
region and within pathway and overall pathway statistical sig-
nificance (Table 4). Specifically, among carriers of one (CT)
or two (CC) copies of the major allele C, statistically signifi-
cant trends were observed for the associations between smok-
ing pack-years, years of smoking, cigarettes per day and
smoking status, with greater strengths of association for CC
carriers than CT carriers. Instead, among carriers of two cop-
ies of the minor allele T (TT), non-statistically significant
positive trends, with reduced estimates, were observed (Table
4). For all smoking variables considered, except cigarettes per
day, tests of interaction remained statistically significant after
correction for multiple testing at the gene and pathway levels
(Smoking pack-years interaction Pgene = 0.003, poothway =
0.020; years of smoking interaction Pgene = 0.008, Prathway =




340 DNA repair, smoking and bladder cancer risk

Table 2. SNPs associated with bladder cancer risk in the Los Angeles-Shanghai study

Pathway Gene tagSNP MAF  Ca Co OR! LU  UC  Perude Pacr Ppathway  Poversil Pt
NHW (LABC)
BER POLB 1$7832529 0.05 351 405 1.4 09 21 0.186 0.662 1.000 1.000
NER POLD1 1s2244095 0.11 353 407 0.9 06 1.2 0.473 0.884 1.000 1.000
NER POLD1 152546551 044 353 404 08 07 1.0 0.066 0.354 1.000 1.000
NER XPC 152607734 043 355 409 1.0 08 13 0.857 1.000 1.000 1.000
NER XPC 1s2279017 043 354 408 1.0 08 13 0.873 1.000 1.000 1.000
NER XPC 152228001 0.43 352 409 1.0 08 13 0.773 1.000 1.000 1.000
Chinese (SBC)
BER POLB 157832529 0.12 509 518 1.5 1.2 20 0.001 0.009 0.060 0.239
NER POLD1 152244095 035 513 514 - 0.8 0.6 09 0.004 0.025 0173 0.693
NER POLD1 152546551 0.16 512 512 0.8 0.6 1.0 0.049 0.219 1.000 1.000
NER XPC 152607734 036 514 520 1.3 1.1 1.6 0.002 0.020 0.141 0.562
NER XPC 152279017 0.36 510 520 1.3 1.1 1.6 0.003 0.024 0.168 0.670
NER XPC 152228001 036 513 521 1.3 11 1.6 0.004 0.028 0.197 0.788
- NHW & Chinese (LABC & SBO)
; BER POLB 157832529 860 923 15 1.2 1.9 <0,001 0.003 0.021 0.084 0.564
NER POLD1 152244095 866 921 0.8 0.7 09 0.003 0.018 0.125 0.500 0.350
i NER POLD1 152546551 865 916 0.8 07 09 0.009 0.049 0342 1.000 0.676
e NER XPC 152607734 869 929 1.2 1.0 14 0.015 0.095 0.667 1.000 0.041
o ! NER XPC 152279017 864 928 1.2 1.0 14 0.018 0.111 0.778 1.000 0.044
z NER XPC 152228001 865 930 1.2 1.0 1.4 0.016 0.101 0.709 1.000 0.058

*Per allele ORs and 95% Cls estimated from conditional logistic regression models assuming a log-additive mode of risk and adjusting for smoking
status in reference year i

LC) — 95% lower confidence interval; UCI ~ 95% upper confidence interval; Perude = Unadjusted for multiple testing p-value; pacr = p-value
corrected for multiple testing within gene region; pumway = p-value comected for multiple testing within gene region and within pathway; povecai =
p-value corrected for testing across all SNPs and pathways; p-Het = LRT p-value from test of heterogeneity.

1able 3. DNA repair SNPs X smoking interactions among NHW from Los Angeles County & Shanghai Chinese

# SNPs with
interaction Interaction  Interaction Interaction Interaction
Exposure Perude < 0.05 Pathway Gene SNP Perude Pgene Ppathway Poverall
Years of 29 NHE]J XRCC6 152284082 0.001 0.008 0.046 0.185
smoking
NER XPA 157853179 0.002 0.023 0.164 0.656
HR XRCC3 15709400 0.003 0.036 0.250 0.999
Pack-years of 26 NHE]} XRCC6 152284082 <0.001 0.003 0.020 0.079
smoking
NHE] DCLREIC 1510796227 0.002 0.033 0.199 0.794
Cigarettes per 8 NHEJ XRCCs 152284082 0.015 0.093 0.556 1.000
day
Smoking 35 NHE) XRCC6 152284082 <0.001 0.001 0.008 0.034
Status
HR XRCC3 rs709400 0.002 0.025 0.177 0.706
NER XPA rs7853179 0.003 0.048 0.338 1.000
NHE) DCLREI1C 1510796227 0.004 0.050 0.302 1.000
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Table 4. XRCC6 152284082 x smoking interactions and bladder cancer risk among NHW from Los Angeles County & Shanghai Chinese

Interaction

Cases/Controls cc a 1T p-values
Smoking variabies cC a m OR Lc uci p-value OR Lcl uct p-value OR Lc uci p-value
Smoking pack-yrs
Never 67/144 111/174  54/57 1.0 1.0 1.0 Perude 0.001
<24 pack-years 84/112 105/99 45/45 1.9 1.3 2.8 0.001 1.6 1.2 2.2 <0.001 1.4 09 23 0.151 Pgene 0.003
224 pack-years 154/91 173/129 45/42 4.3 3.0 6.2 <0.001 2.4 1.9 3.2 <0.001 1.4 0.9 2.2 0.193 Ppathway 0.020
p for trend <0.001 <0.001 0.288 Poverall 0.079
Years of smoking
Never 67/144 111/174  54/57 1.0 1.0 1.0 Perude 0.001
<29 90/109 95/104 38/36 1.8 1.2 2.7 0.003 1.5 1.1 2.0 0.007 1.2 0.7 2.1 0.417 Pgene 0.008
>29 148/94 183/124 52/51 4.4 3.0 6.4 <0.001 2.6 20 3.4 <0.001 1.5 1.0 24 0.077 Ppathway 0.046
p for trend <0.001 <0.001 0.077 Poveratt 0.185
Cigarettes per day
Never 67/144 111/174 1.0 1.0 1.0 Perude 0.015
<20 81/84 95/94 38/41 23 1.5 3.4 <0.001 1.7 1.3 2.2 <0.001 1.2 0.8 2.0 0.405 Pgene 0.093
>20 157/119 183/134 52/46 3.5 24 5.0 <0.001 23 1.8 3.0 <0.001 1.5 1.0 2.4 0.069 Ppathway 0.556
p for trend <0.001 <0.001 0.068 Poverall 1.000
' Smoking Status
Never 67/144 111/174 54/57 1.0 1.0 1.0 Perude <0.001
Former 78/118 87/100 30/31 1.6 1.1 2.4 0.022 1.4 11 1.9 0.021 13 0.7 21 0.394 Pgene 0.001
Current 160/85 191/128 60/56 4.7 33 6.9 <0.001 26 20 3.4 <0.001 1.4 0.9 23 0.123 Ppathway 0.008
p for trend <0.001 - <0.001 0.125 Poverall 0.032

LCl = 95% lower confidence interval; UCI
way = p-value corrected for multiple testin

= 95% upper confidence Iinterval; Peruge =
g within gene region and within pathway;

unadjusted for multiple testing p-value; pgene = p

Poveran = p-value corrected for testing across all SN

-value comected for multiple testing within gene region; Ppath-

Ps and pathways.
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0.046; smoking status interaction Pgene = 0.001, Ppoghwey =
0.008) (Table 4). Test of interaction for smoking status also
remained statistically significant when further correcting for
the total number of DNA repair pathways investigated
(smoking pack-years interaction poyeryy = 0.032) (Table 4).

" DNA repair SNPs by gender interactions

To explore possible heterogeneity of the SNP-bladder cancer
associations, we conducted stratified analysis by gender
among NHW, Chinese and among both sites combined
(Table 5). Among NHW males but not NHW females, we
observed inverse associations for three linked LIGI SNPs
(rs2007183, 1520579 and rs3730912) with bladder cancer that
were statistically significant after within-gene-region correc-
tion (pacr < 0.05) and showed evidence of heterogeneity by
gender (Pheierogeneity < 0.05) (Table 5).

Among Chinese, we observed three tagSNPs in the OGG1
gene that showed evidence of statistically significant heteroge-
neity by gender. These three SNPs were inversely associated
with bladder cancer risk only among females, and the associ-
ations remained statistically significant after within-gene cor-
rections, and for one of them remained significant after
pathway correction as well (56809452, OR = 0.5; 95% CI =
0.3-0.8, pacr = 0.007, Ppathway = 0.046; rs1052133, OR =
0.6, 95% CI = 0.4-0.8, pact = 0.026; 152072668, OR = 0.6,
95% CI = 0.4-0.9, pacr = 0.049). Similar estimates were
observed among NHW females and among NHW and Chi-
nese females combined, but estimates did not reach statistical
significance (data not shown). We also observed that the pre-
viously observed associations of the POLB tagSNP
(rs7832529) and the 3 XPC tagSNPs (rs26077734, rs2228001
and rs2279017) with bladder cancer risk among all Chinese
individuals combined, plus an additional new XPC tagSNP
(rs2305843), seemed restricted to males, but tests of heteroge-
neity were not statistically significant (Table 5).

Similarly, among males in the combined study (NHW and
Chinese), three XPC tagSNPs (rs2305843 rs2607734 and
152228001) were statistically significantly associated with
bladder cancer risk. In addition, the previously observed asso-
ciation between the POLDI] tagSNPs  (rs2546651 and
1s2244095) and bladder cancer risk among both races com-
bined seemed restricted to males. However, for neither of
these tagSNPs were tests of heterogeneity by gender statisti-
cally significant (Table 5).

Pathway analyses

We used the ARTP approach to obtain a summary p-value
for the association of each gene and pathway considered in
the study with bladder cancer risk (Table 6). Among NHW,
only LIG1 (NER pathway) achieved gene-wide statistical sig-
nificance among males. Instead, among Chinese, six genes
appeared associated with susceptibility to bladder cancer
achieving ARTP gene-wide significance, with four of them
showing heterogeneity by gender: OGG! (Chinese females
PARTP gene = 0.015), POLB (All Chinese Pariy gene = 0.010,
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Chinese males Parre gne = 0.048), RAD50 (All Chinese Par1p
gene = 0.034, Chinese males pagrp gene = 0.023), POLD] (All Chi-
nese Parrp gene = 0.021), XPC (All Chinese paprp gene = 0.017,
Chinese males paprp gene = 0.003) and finally XRCC6 (All Chi-
NS PARTP gene = 0.010, Chinese females PARTP gene = 0.043),
Three of these genes showed ARTP gene-wide significance when
all NHW and Chinese combined: POLB (Chinese & NHW Partp
gene = 0.013), RAD50 (Chinese & NHW pagrp gene = 0.048),
POLDI (Chinese & NHW pagyp gene = 0.013) and XPC (Chinese
& NHW pagyp gene = 0.045) (Table 6). When considering overall
pathway associations, we only observed an association of
pathway-wide significance for the NER pathway among Chinese
males (PARTP pathway = 0.034), and we observed a pathway-wide
ARTP p-value of borderline significance when considering all
Chinese combined (pagrp pathway = 0.068) (Table 6).

Discussion

In this study we investigated the association between a com-
prehensive SNP panel that captured genetic variation in
genes that play key roles in four different DNA repair path-
ways and bladder cancer risk. Our most consistent and key
findings were an association between POLB 57832529 and
bladder cancer risk, predominantly among Chinese, an asso-
ciation between OGGI rs6809452 and bladder cancer risk
among Chinese women only and an association between XPC
152607734 and bladder cancer risk among Chinese men only.
POLB and OGGI play key roles in the BER pathway and
XPC participates in the NER pathway. Analyses that sum-
marized the effects of all SNPs within each gene, obtained
using the ARTP approach for both genders combined con-
firmed a role for POLB in bladder cancer risk among Chinese
and also indicated associations between RADS50 (HRR path-
way), POLD] (NER pathway), XPC (NER pathway), LIG1
(NER pathway), OGG! (BER pathway) and XRCC6 (NHE]
pathway). However, when considering estimates that sum-
marized the effect of all genes within each of the four path-
ways, we observed only a statistically significant association
for the NER pathway among Chinese males and a borderline
statistically significant one among all Chinese combined.
When considering cigarette smoking variables we found con-
sistent evidence that the XRCC6 rs2284082 SNP (NHE] path-
way) modified the effect of smoking. Estimates of interaction
for this SNP remained statistically significant after correction
for multiple testing within each gene, within the NHE] path-
way and across all four pathways. None of the genes in the
other three pathways showed strong evidence of effect modi-
fication by smoking. Altogether, these findings suggest that
among Chinese, particularly men, there are bladder cancer
risk factors, other than smoking, that elicit the BER and NER
pathways and may play key roles in bladder cancer forma-
tion. Alternatively, they suggest that presence of these genetic
variants, may predispose individuals to developing bladder
cancer, independently of environmental exposures, perhaps
due to loss over time of DNA repair proficiency and inability
to repair DNA damage that may accumulate with age.
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Table 5. SNPs associated with bladder cancer risk, among males and females,

in the Los Angefes-Shanghai study

Males Females
Pathway Gene SNP CA CO OR' (O uc Perude  Pact Ppattway Poversu  CA  CO OR' L0 UCI  peryge Pact Poattway  Poverat  LRp
NHW
NER LiG1 1s2007183 277 322 06 0.4 09 0005 0.041 0.288 1.000 76 86 1.7 08 38 0.165 0.609 1.000 1.000 0.013
NER LiG1 1520579 279 323 06 0.4 09 0.006 0.044 0.308 1.000 76 86 1.9 09 40 0113 0487 1.000 1.000 0.008
NER LiG1 1s3730912 279 323 06 0.4 0.9 0.008 0.055 0.387 1.000 76 86 17 07 40 0230 0.656 1.000 1.000 0.027
Chinese
NER XPC 1s2607734 407 400 15 1.2 18 0.001 0.005 0.032 0.127 107 120 10 07 15 0.987 1.000 1.000 1000 0.092
NER XPC 152228001 406 402 1.4 1.2 18 0.001 0.008 0.055 0219 107 119 10 0.7 1.5 0991 1.000 1.000 1.000 0.107
NER XPC 152279017 403 401 1.4 1.2 18 0.001 0.008 0.056 0223 107 119 1.0 07 15 0902 1.000 1.000 1.000 0.139
NER XPC 152305843 406 401 1.4 11 1.7 0.004 0.033 0.227 0909 107 120 10 0.7 1.4 0.764 1.000 1.000 1.000 0.098
BER POLB 17832529 403 398 15 1.1 20 0.009 0.057 0.400 1.000 106 120 1.8 1.0 3.2 0.043 0237 1.000 1.000 0.524
BER 06G1 156809452 407 402 09 0.7 11 0324 0.720 1.000 1.000 107 120 05 03 0.8 0.001 0.007 0.046 0.184 0.011
BER 0GG1 rs1052133 404 402 0.9 08 11 0443 0773 1.000 1000 107 119 06 04 08 0.004 0.026 0.179 0.717 0.025
BER 0GG1 152072668 405 402 09 0.8 1.2 0.518 1.000 1.000 1.000 107 118 06 0.4 0.9 0.008 0.049 0.342 1.000 0.038
NHW & Chinese
BER POLB 157832529 678 719 1.4 1.1 1.8 0015 0.076 0.534 1.000 182 204 2.1 13 34 0.006 0.024 0.170 0.679 0.145
NER XPC 152305843 683 715 13 1.1 1.6 0004 0.030 0.211 0845 183 204 10 07 1.4 0948 1 .000 1.000 1000 0.131
NER XPC 1s2607734 686 723 13 11 15 0.006 0.040 0.282 1.000 183 206 1.0 07 13 0984 1.000 1.000 1.000 0.190
NER XPC rs2228001 683 725 13 11 15 0.006 0.041 0.290 1.000 182 205 10 07 13 0981 1.000 1.000 1.000 0.178
NER POLD1 rs2546551 683 714 0.8 06 0.9 0.007 0045 0314 1.000 182 202 09 06 13 0.601 1.000 1.000 1.000 0419
NER POLD1 152244095 683 718 0.8 06 09 0009 0050 0347 1.000 183 203 08 05 1.1 0.135 0.390 1.000 1.000 0932

'Per allele ORs and 95% Cls estimated from conditi
LCl = 95% lower confidence interval; UCI =
= p-value corrected for mulitiple testing with

95% upper confidence interval; poyge
in gene region and within pathway;

onal logistic regression models assuming a log-additive mode of risk and ad
= unadjusted for multiple testing p-value;
Poveratt = p-value corrected for testing across all SNPs and pathways; LRp = LI

justing for smoking status in reference year

Pact = p-value corrected for multi

ple testing within gene region; Ppathway

RT p-value from test of heterogeneity

‘ID 13 je110)
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Table 6. Gene- and pathway-level summary p-values from ARTP pathway analyses in LABCS and SBCS

ARTP Gene p-value ARTP Pathway p-value
NHW Chinese NHW Chinese
Gene/ Combined Combined
Pathway Region All  Females Males All Females Males All Al Females Males All  Females Males All
BER ) e 0746 0443  0.4845 0.356 0.143 0.329 0.724
APEX1 0.926 0.932 0.898 0.831 0.920 0.791 0.926
LIG3 0.431 0.061 0.904 0.834 0.891 0.767 0.474
NEIL1 0.633 0.727 0.712 0.881 0.922 0.724 0.894
0GG1  0.674 0.678 0.812 0.225 0.015 0.556 0.486
PARP1  0.170 0.650 0.066 0.895 0.085 0.761 0.628
POLB 0.416 0.248 0.980 0.010 0.262 0.048 0.013
XRCC?  0.736 0.252 0.828 0.209 0.887 0.116 0.694
HRR 0.554 0.587 0.784 0.510 0.772 0.219 0.676
MRE11A 0.272 0.239 0.285 0.805 0.589 0.849 0.566
NBN 0.380 0310 0.366 0.471 0.718 0.651 0.795
RAD50 0.591 0.189 0.871 0.034 0.824 0.023 0.048
Py RAD51 0.214 0923 0.196 0.930 0.965 0.970 0.402
it RAD52 0967 0.488 0.959 0.821 0.622 0.946 0.935
RS XRCC2 0154 0.267 0.466 0.779 0.155 0.978 0.276
XRCC3  0.384 0.872 0.877 0.321 0.395 0.255 0.664
NER 0.649 0.672 0.234  0.068 0.293 0.034 0.107
ERCCI-ERCC2  0.682 0.824 0.740 0.133 0.161 0.193 0.087
5 ERCC4  0.312 0.2105 0.918 0.069 0.160 0.267 0.487
- ERCCS  0.177 0.7625 0.181 0.332 0.916 0.462 0.360
LiG1 0.139 03745 0.025 0.716 0.302 0.795 0.942
POLD1  0.430 0.4705 0.315 0.021 0.057 0.105 0.013
XPA 0.956 0.1245 0.985 0.915 0.491 0.806 0.886
XPC 0.563 0.9705 0.440 0.017 0.941 0.003 0.045
NHEJ 0.598 0.182 0.698 0.236 0.206 0.774 0.397
DCLRE1C 0.975 0.190 0.7845 0.728 0.216 0.942 0.717
LIG4 0.715 0.241 0.841 0.908 0.711 0.935 0.841
PRKDC  0.587 0.352 0.7015 0.789 0.298 0.840 0.540
ARCC4  0.104 0.125 0.140 0.174 0.247 0.315 0.129
XRCC5 0.768 0.629 0.678 0.292 0.333  0.280 0.595
XRCC6 0.821 0.076 0.808 0.038 0.043 0.284 0.458

Finally, our findings support a role for the NHE] pathway in
smoking-induced bladder cancer risk, suggesting that among
all types of damage induced by tobacco carcinogens, double
strand breaks seem to be the ones more detrimental for can-
cer risk. In support of this, two other NHE] genes (DCLREIC
and XRCC3) were also found to modify the effect of smok-
ing, although findings were not as significant as for XRCCS.
‘The number of variants and genes investigated in DNA
repair pathways in association with bladder cancer risk has
been limited. In collaboration with the International Consor-
tium of Bladder Cancer Studies, we previously published a

meta-analysis and pooled analyses of 10 common variants in
seven genes and reported that three SNPs (ERCC2 151799793,
NBN 151805794 and XPC rs2228000) were associated with a
modest increase in bladder cancer risk.” GWAS, meta-
analysis of GWAS and pathway-based analysis of GWAS
have identified multiple loci associated with bladder cancer
susceptibility in subjects of European ancestry.-2° Whereas
several SNPs located in carcinogen metabolism enzyme cod-
ing genes have achieved genome-wide significance, no SNPs
located in DNA repair genes have achieved genome-wide sig-
nificance to date. We summarize below what is known about
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the genetic regions for which we found stronger evidence of
an association with bladder cancer risk (XPC, POLB, OGGI
and POLD) and evidence of interaction with smoking
(XRCCs).

Our pathway-based analyses point to the NER pathway as
relevant for bladder cancer risk. Associations between SNPs
in the XPC and POLDI genes among Chinese seemed to be
responsible for the overall observed association with this
pathway. NER is involved in the repair of bulky DNA
adducts, such as those induced by tobacco smoke carcino-
gens.>® The xeroderma pigmentosum complementation group
C gene (XPC) (HGNC 12816) is located on chromosome
3p25. XPC detects and binds to DNA adducts and initiates
recruitment of other NER pathway proteins at the site of
damage.**? Our individual SNP analyses and overall gene
analyses suggested an association between bladder cancer risk
and XPC. Pooled analyses of most available epidemiological
studies with data on selected XPC polymorphisms, including
ours, showed an association for XPC rs2228000 with bladder
cancer risk among NHW and no association with SNP
1s2228001." In this study, we could not replicate the associa-
tion with rs2228000 among NHW or Chinese; however, we
report a statistically significant association between XPC
152228001 and bladder cancer risk among Chinese males.™
The functional relevance/biological mechanism of the variant
is unknown. There are two 3'UTR SNPs nearby that have
been reported to affect XPC protein expression: rs2470352
and rs2470458°%; however, neither of these SNPs are in LD
with rs2228001.

Our individual SNP analyses and overall gene analyses
also indicated an association between POLDI and bladder
cancer risk, which seem stronger among men. The polymer-
ase (DNA directed), delta 1, catalytic subunit gene (POLD)
(HGNC: 9175) is located on chromosome 19q13 and encodes
the catalytic and proofreading subunit of Pol 8, which has
polymerase and 3'-exonuclease activity.>* We report associa-
tions with bladder cancer risk for two SNPs: rs2546551, an
intronic SNP and rs2244095 SNP, which is 3'-downstream of
POLD, within the Spi-B transcription factor (Spi-1/PU.1
related) . gene (SPIB) (HGNC: 11242). Both SNPs are
unlinked among Chinese and among NHW (HapMap
CHBJPT 7 = 0.22, D' = 093; CEU 7 = 0.12, I’ = 1.00).
These SNPs are not linked with previously SNPs investigated
in relation to bladder cancer risk, for which no associations
were reported. %7

We found that SNP rs7832529 in POLB associated with
bladder cancer risk, mostly among Chinese. Summary esti-
mates at the gene level using ARTP supported this finding,
The polymerase (DNA directed) beta gene (POLB) (HGNC:
9174) is located on chromosome 8pl11 and encodes a DNA
polymerase involved in short patch and long patch BER®
Bladder cancer tumors and cell lines frequently encounter
deletions in chromosomal region 8p, with 8p11-12 being one
of the affected regions.® Located 3'-downstream from POLB,
SNP rs7832529 is actually located within the solute carrier
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family 20 (phosphate transporter) member 2 gene
(SLC20A2) (HGNC: 10947). To our knowledge, SLC20A2 has
not been linked with bladder cancer. Several other POLB
SNPs have been reported to be associated with bladder can-
cer risk among Caucasians, but neither are in LD with
157832529.74° It remains to be determined whether
157832529 is tagging a causal SNP in POLB or SLC20A2.

We also report that three OGGI SNPs (rs2072668,
rs6809452 and 151052133) were inversely associated with
bladder cancer risk among Chinese females, with a stronger
association for rs6809452. The 8-oxoG DNA glycosylasel
gene (OGGI) (HGNC: 12816) is located on chromosome
3p26.*! The OGGI1 protein participates in the removal of 8-
oxoguanine (8-oxo-G) DNA damage that can result from
ROS exposure. The intronic OGGI 152072668 and rs6809452
SNPs were in strong LD with the non-synonymous and puta-
tive functional OGGI Ser326Cys SNP (rs1052133) {HapMap
CHBJPT = 098, D' = 1.00 for rs2072668 and ¥ = 0.8,
D = 1.00 for rs6809452). SNP rs6809452, for which we
found the strongest association, is actually an intronic SNP
within the transcriptional adapter 3-like gene (TADA3L). The
OGG] Ser326Cys rs1052133 Cys allele has been reported to
code for a protein with decreased ability to repair oxidative
DNA damage.”™ A meta-analysis of various cancers
reported that Ser326Cys was significantly associated with
overall cancer risk and lung cancer risk but was not associ-
ated with bladder cancer risk.” Three epidemiological studies
have reported associations between this SNP and bladder
cancer risk among Caucasians, with stronger associations
among smokers.>~>

Finally, we observed strong evidence that one SNP in the
XRCC6 gene, rs22284082, modified the effect of cigarette
smoking. We found that among carriers of one or two copies
of the C allele (major allele) there was a stronger and more
significant association with tobacco smoking that among car-
riers of two copies of the T allele. The X-ray repair comple-
menting defective repair in Chinese hamster cells 6 gene
(XRCC6) (HGNC: 4055) is on chromosome region 22q13.
SNP 1522284082 is located 3’-downstream from XRCC6 and
it maps to the sterol regulatory element binding transcription
factor 2 gene (SREBF2) (HGNC: 11290), in intron 1. SRBE2
encodes a transcription factor SREBP-2, a basic helix-loop-
helix-leucine zipper protein that can stimulate transcription
of sterol regulated genes and monitor lipid homeostasis.*® In
addition, SREBP-2 can also regulate autophagy related genes
in times of nutrient depletion.*” SREBF2 has not been investi-
gated in relation with bladder cancer; however, it has been
reported to be involved in the loss of sterol ‘feedback regula-
tion in cancer cells.*® It remains to be determined if the
interaction with smoking we see for this SNP is capturing an
effect of a causal SNP in XRCC6 or SREBF2.

Our study had several strengths. Among them, was the
use of two population-based case-control studies conducted
in parallel in two world regions with contrasting bladder can-
cer incidence, using comparable instruments to assess
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smoking exposure. Another one is the use of a comprehen-
sive tagSNP approach that captured 85-100% genetic varia-
tion in genes that play key roles in four major DNA repair
pathways, with appropriate consideration of multiple testing.
Although we recognize that our tagSNP selection was done
before the release of the 1,000 genomes project, which
includes rare variants. Therefore, compared to this reference
database, our overall genetic coverage would be lower.
Finally, given that most studies on DNA repair susceptibility
genes and bladder cancer have been conducting among
NHW, our study contributes novel data about genetic risk
factors among Chinese. Among the limitations of our study
we include the fact that not all DNA repair genes from each
pathway were captured, albeit all those that play essential
roles were included and the fact that we were underpowered
to explore higher order interactions between genes and expo-
sures. Lastly, in spite of our approaches for multiple testing
correction, we cannot discard the possibility that some of our
findings might be false positives. Replication in other studies
will help confirm our findings.

In condlusion, we found support that two regions that
map close to or within BER genes (POLB, OGGI) and one
region in an NER gene (XPC) are associated with bladder
cancer risk, primarily among Chinese. Given that these asso-
ciations were not modified by smoking, they suggest that
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ABSTRACT: The World Health Organization/Interational Pro

gramme on Chemical Safety mode of action/human relevance

framework has been updated to reflect the experience acquired in its application and extend its utility to emerging areas in
toxicity testing and non-testing methods. The underlying principles have not changed, but the framework’s scope has been
extended to enable integration of information at different levels of biological organization and reflect evolving experience in a

much broader range of potential applications. Mode of action/s

generation and research priorities in support of risk assessment.
feedback loops encouraging continuous refinement of fit-for-p!
construct s consideration of dose-response relationships and s
Bradford Hill considerations have been updated and addition

pecies concordance analysis can also inform hypothesis-based data
The modified framework is incorporated within a roadmap, with
urpose testing strategies and risk assessment. Important in this
pecies concordance analysis in weight of evidence. The modified
ally articulated to reflect increasing experience in application for

cases where the toxicological outcome of chemical exposure is known. The modified framework can be used as originally intended,
where the toxicological effects of chemical exposure are known, or in hypothesizing effects resulting from chemical exposure,
using information on putative key events in established modes of action from appropriate in vitro or in silico systems and other
lines of evidence. This modified mode of action framework and accompanying roadmap and case examples are expected to
contribute to improving transparency in explicitly addressing welght of evidence considerations in mode of action/species

concordance analysis based on both-conventional data sources an
The World Health Organization retains copyright and all other rig|

d evolving methods. Copyright © 2013 John Wiley & Sons, Ltd.
hts in the manuscript of this article as submitted for publication.

Keywords: key events; mode of action; adverse outcome pathway; human relevance framework; modified Bradford Hill
considerations; weight of evidence approach; species concordance analysis; cellular response; tissue response; molecular target

introduction

The mode of action/human relevance framework was developed
in initiatives of the International Programme on Chemical Safety
(IPCS) of the World Health Organization {(WHO) (Boobis et al,
2006, 2008; Sonich-Muliin et al, 2001) and the International Life
Sciences Institute Risk Sciences Institute (ILSI-RSI) (Meek et al,
2003; Seed et al, 2005). It derives from earlier work on mode
of action in animals by the US Environmental Protection Agency
(US EPA, 1996, 2005a) and has involved large numbers of
scientists internationally. )

Previous development of the mode of action/human relevance
framework is described in the publications mentioned above and
summarized more recently in Meek and Klaunig (2010). The frame-
work has been illustrated by an increasing number of case studies
{more than 30 currently) demonstrating the value of mode of
action in evaluating human relevance and life stage susceptibility
and guiding dose-response assessment, Documented examples
are presented in Table 1. The contribution of the framework has
been recognized by the Society of Toxicology, and the framework
has been adopted by several intemational and national organiza-
tions and agencies to increase transparency in the assessment of
weight of evidence and identification of critical data needs (Meek,
2008, 2009; Meek et al., 2008).

The framework continues to evolve as experience increases in
its application to consider systematically the weight of evidence
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Mode of action

Thyroid tumors associated with increased clearance of thyroxine

Liver/kidney tumors associated with sustained cytotoxicity and
regenerative proliferation

Acute renal toxicity associated with precipitation of oxalate

Androgen receptor antagonism and developmental effects

Nasal tumors associated with DNA reactivity and cytotoxicity

Table 1. Case studies illustrating various modes of action and implications for dose-response assessment

Tumors of various organs associated with mutagenic modes of action

Mammary tumors associated with suppression of luteinizing hormone

Bladder tumors associated with the formation of urinary tract calculi

Case study Reference
Ethylene oxide Meek et al. (2003)
4-Aminobipheny! Cohen et al, (2006a)
Atrazine Meek et al. (2003)
Phenobarbital Meek et al. (2003)
Thiazopyr Dellarco et al. (2006)
Melamine Meek et al. (2003)
Chloroform Meek et al. (2003)
Ethylene glycol Seed et al. (2005)
Vinclozolin Seed et al. (2005)
Formaldehyde McGregor et al. (2006)

from traditional and evolving methods for assessing toxicity.
This includes explicit consideration of the comparative weight
of evidence and associated uncertainties for several options for
hypothesized modes of action early and throughout the
analysis. The critical relevance of the kinetic and dynamic infor-
mation considered in the mode of action analysis for subse-
quent characterization of dose-response relationships for
effects considered relevant to humans (Boobis et al, 2009; Julien
et al, 2009), including choice of chemical-specific adjustment
factors (Boobis et al, 2008), has also been amplified. Experience
in mode of action analysis has also been instructive in contextu-
alizing appropriate application of information from evolving
methods of toxicity testing at different levels of biological orga-
nization as a baslis for more efficient testing strategies.

Objectives

This paper has been prepared as an addendum to the previous
WHO/IPCS guidance on made of action/human relevance analy-
sis (Boobis et al, 2006, 2008). While the underlying principles
and methodology are similar, the guidance has been updated
to reflect recent developments, Some of these developments
result from advances in toxicity testing and non-testing methods,
and some reflect evolving experlence in mode of action/species
concordance analysis (additionally referred to herein as mode of
action analysis). More detailed information on the nature of sys-
tematic hypothesis generation and weight of evidence consider-
ations in mode of action analysis with illustrative case examples
is included in the earlier publications referenced in Table 1.

This paper also expands the scope of previous manuscripts to
reflect increased understanding of the role of mode of action/
species concordance analysis in integrating information from
different levels of biological organization. In addition, while early
focus of mode of action analysis related to increasing trans-
parency in documenting an operative mode of action with a rea-
sonably high degree of confidence as a basis for risk assessment
and regulatory decision-making, the current paper addresses a
much broader range of contexts. These include implications for
priority setting and testing strategies for both individual chemicals
and chemical categories where a less refined analysis and/or
higher uncertainty may be acceptable. Summaries of cases se-
lected to illustrate examples of broad application in a research/
regulatory context are included here. Readers are referred to the
cited documentation for more detailed information on the data
analysis for these cases.

wileyonlinelibrary.com/journal/jat
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Both cancer and non-cancer effects are addressed, in
recognition that their separation in earlier publications reflected
principally evolving experience in mode of action/human
relevance analysis rather than variation in conceptual premise.
In fact, mode of action analysis facilitates harmonization of
cancer and non-cancer assessment. Harmonization in this
context refers to a biologically consistent approach to risk
assessment for all endpoints, for which exploration of biological
linkages Is critical to ensuring maximal utility of relevant
information. Often, for example, cytotoxicity in an organ is a
critical key event that may lead to an increase in cell proliferation
and tumors at the same site.

Background/Terminology

Mode of action, as previously defined, is a biologically plausible
series of key events leading to an effect (Sonich-Mullin et al,
2001). Originally, mode of action was considered principally in
the context of late-stage key cellular, biochemical and tissue
events. A key event Is an emplrically observable step or its
marker, which is a necessary element of the mode of action crit-
ical to the outcome (i.e, necessary, but not necessarily sufficient
in its own right); key events are measurable and reproducible.
The mode of action framework is based, then, on the premise
that any human health effect caused by exposure to an exoge-
nous substance can be described by a series of causally linked
biochemical or biological key events that result In a pathological
or other disease outcome. (The term mode of action implies no
judgment about adversity of effect, though for risk assessment
application, the relevant identified or presumed effects are most
often considered adverse.) While originally and often simply
conceptualized and illustrated as a linear serles of key events,
In reality, mode of action involves Interdependent networks of
events with feedback loops. Disease outcomes are Initiated or
modified within these networks. Differences in networks
between and within human and animal populations account,
in part, for interspecies differences and human variability.

Early key events in hypothesized modes of action are most
often related to chemical characteristics, i.e, those characteristics
of structure and/or physicochemical properties that promote
interaction of the substance with biological targets. Later key
events are less chemical specific and more often an expected con-
sequence of progression of earlier key events (e.g., regenerative
proliferation resulting from cytotoxicity).

J. Appl. Toxicol. 2014; 34: 1-18
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An adverse outcome pathway is conceptually similar to a
mode of action. It was Initially described by the computational
ecotoxicology community (Ankley et al, 2010) and has been
adopted within an international initiative to document, develop
and assess the completeness of potentially predictive tools for
adverse ecological and human heaith effects (OECD, 2012). A
focus of adverse outcome pathways is on the initial associated
chemically mediated “molecuiar initiating event,” equivalent to
an early key event in a mode of action.

The terms mode of action and adverse outcome pathway
should be interchangeable, representing essentially the subdivi-
sion of the pathway between exposure and effect in either
individuals or populations into a serles of hypothesized key
events at different levels of biological organization (e.g., molec-
ular, subcellular, cellular, tissue) (Fig. 1). (The term toxicity path-
way, introduced by the US National Research Council in 2007
[NRC, 2007], essentially focuses on a subset of early events lead-
ing to an effect at the molecular and cellular levels. These events
can be considered critical upstream elements of a more expan-
sive mode of action description of how a chemical can affect
human health.) The distinction between mode of action and
adverse outcome pathway is artificial, a result principally of
experience in the human health versus ecological communities,
though it has sometimes been stated incorrectly that, unlike
adverse outcome pathway, mode of action does not extend
from the individual to the population level. it should be noted,
though, that the term mode of action, per se, does not imply
adversity of outcome. Mode of action, as defined here, could
apply equally well to effects that are not adverse, such as
therapeutic Interventions or health benefits (e.g., from nutri-
tional supplements). Also, focus on human health risk assess-
ment has traditionally been on (often later) key events that
provide quantitative information relevant to intraspecies and
interspecies extrapolation and life stage susceptibility for dose-
response analysis, compared with the molecular initiating event
in ecological health assessment. For this reason, considerations
relevant to weight of evidence analysis may differ.

Appropriately, given their conceptual similarity, it has been
proposed that the weight of evidence for both hypothesized
modes of action and adverse outcome pathways should draw
upon modified Bradford Hill considerations (Hill, 1965). This
proposal was based on a desire to increase transparency and
consistency in organizing, linking and integrating information
at different levels of biological organization into a more efficient,
hypothesis-driven approach to chemical data generation and
assessment and use of non-test (e.g., read-across and grouping
of chemicals) and in vitro methods.

However, there are a number of limitations that remain to be
addressed in the proposed reliance on modified Bradford Hill
considerations for documentation of mode of action where fo-
cus has been on the molecular initiating event (i.e., structure-ac-
tivity modeling). For example, weight of evidence for
hypothesized modes of action in human health risk assessment
has traditionally relied heavily on the modified Bradford Hill con-
siderations of concordance of dose-response relationships be-
tween key and end events. In addition, influential in mode of
action analysis Is specificity, which in this context has related
to experimental verification that a key event is causal. And while
experience in mode of action analyses for documented (adverse)
effects in human health risk assessment can inform consider-
ation of weight of evidence for hypothesized modes of action
or adverse outcome pathways, based on early key or molecular

J. Appl. Toxicol. 2014; 34: 1-18
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Figure 1. Different levels of biological organtzation in mode of action anal-
ysks. Confidence in an hypothesized mode of action generally increases with
increasing evidence at higher levels of biological organization.

initiating events, to date, information on dose-~response concor-
dance and specificity has not been available in characterizing
weight of evidence for hypothesized adverse outcome path-
ways. This detracts considerably from transparency in documen-
tation of their supporting evidence,

Mode of Action Roadmap

There is growing recognition of the need for more efficient
methods and strategies to assess the hazards, exposures and
risks of the wide aray of chemicals to which humans are
exposed. This has been reflected In, among others, progressive
regulatory mandates in Canada, the European Union and, more
recently, the Asian Pacific region to systematically consider prior-
Jties for risk management from among all existing chemicals
(see, for example, Council of Labor Affairs, Taiwan, 2012; Dellarco
et al, 2010; European Commission, 2006; Hughes et al, 2009;
Lowell Center for Sustainable Production, 2012; Meek and Arm-
strong, 2007). This necessitates focus on efficiently prioritized
chemicals and endpoints, rather than the traditional time- and
fesource-intensive series of standard in vivo toxicology studies.
It also requires the development and integration of information
on key events within (hypothesized) modes of action very early
in the evaluation process that will enable effective use of data
collected from lower levels of biological organization and non-
test methods, such as (quantitative) structure-activity relation-
ships ((Q)SAR) and read-across in vitro assays.

wileyonlinelibrary.com/journal/jat
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Figure 2 presents a “mode of action roadmap” to illustrate the
iterative process whereby principles and concepts of mode of
action analysis can be applied throughout human health risk
assessment, with the extent of the analysis being tailored to
the issue under consideration. Critical to this more tailored
consideration of appropriate testing and assessment strategies
is formal, transparent consultation with risk managers, with
public accountability, where possible, for the relevant extent of
resource investment to address the problem at hand (i.e., prob-
lem formulation).

Problem formulation (Fig. 3), the first step in the roadmap
(Fig. 2), involves consideration of the risk management scope
and goals in relation to relevant exposure scenarios, available
resources, urgency of the assessment and the level of uncer-
tainty that is acceptable. This includes consideration of appropri-
ate methods and endpoints for hazard assessment and a mode
of action analysis plan tallored to the nature of the decision to
be made. For example, decisions concemning chemical prioritiza-
tion for testing and/or assessment will likely allow for higher
levels of uncertainty than those related to establishing

regulatory standards. In problem formulation, then, the com-
plexity of the envisaged mode of action analysis is tailored to
the context of decision-making; approaches are necessarily flex-
Ible and iterative, permitting efficient identification and genera-
tion of the essential information to serve as a basis to assess and
manage risks appropriately.

The second step in the roadmap (Fig. 2) is to assimilate and
consider, in iterative fashion, information on made of action in
the “Modified framework” (see below). This entalls hypothesis-
based analysis of the weight of evidence for operative key
events based on the modified Bradford Hill considerations and
qualitative and quantitative concordance of the key events
within and between species (Boobis et al, 2006, 2008; Meek
et al, 2003; Seed et al, 2005). Early consideration of hypothe-
sis-based key events in the mode of action during problem
formulation facilitates incorporation of data from different
sources and provides a framework by which it can be organized,
integrated and linked at different levels of biological organiza-
tion (Fig. 3). This includes information generated by evolving
methods, such as those targeting cell signaling pathways. The

Mode of Action Roadmap
Utility of Mode of Action Knowledge in Human Health Risk Assessment

Problem Formulation (Purpose-oriented)

What is the decision context (e.g., priority setting,
quantitative risk assessment)?

Can mode of action heip inform the decision?

I

Mods of Action Framework
Hypothesis based

Evidence insupport of key events based on
modified Bradford Hill considerations

Quaiitative and quantitative species
concordance

Mode of Action Knowledge Informs

I

/ i

Risk Assessment Assessment-specific Research
Data Generation i
Human relevance ' Dlagnostic biomarkers
b Targeted testing (in vivo
Human variation and 1n vitr) Expert systems
Species extrapolation Non-test methods New test methods
Life stage effects (QSA:R. read-across, Non-test methods
madelin
Dose-response g %ﬁﬁﬁﬁg R0,
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Figure 2. Mode of action roadmap illustratin
to the issue under consideration through ite

g the use of mode of action knowledge In human health risk assessment. The extent of analysis is tallored
Tative analysis and consultation among the assessment, management and research communities.
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Figure 3. Confidence/uncertainty in *fit for purpose” mode of action/
species concordance analysis: correlation of confidence/uncertainty with
extent of weight of evidence.

amount of detail and “linearity” characterizing the key events
within a hypothesized mode of action can vary as a function of
the toxicity of interest, existing knowledge and risk assessment
or testing needs.

The mode of action analysis, completed to address the goals
outlined during problem formulation, informs one or more of
three analytical domains (shown at the bottom of Fig. 2):

(1) risk assessment, including qualitative and quantitative human
relevance and variability (e.g, effects at various life stages and
within susceptible subgroups), dose-response extrapolation
and potential for combined effects of chemicals;

(2) hypothesis-based targeted testing or application of non-test
methods to meet the objectives specified In problem formula-
tion, including efficient grouping of chemicals and consider-
ation of read-across, (Q)SAR modeling or appropriate testing
within a category approach to fill data needs; and

(3) research priorities relevant to the development of new test
and non-test methods, biomarkers and expert systems that
feed back to the risk assessment and therapeutic interven-
tion strategies (for intoxication).

As depicted in the roadmap (Fig. 2), mode of action analysis is
envisioned as an iterative hypothesis generating and testing
process that defines how to assess or test strategically based
on risk management needs. As analyses are completed, the
problem formulation, testing strategy and risk assessment can
be further refined for the decision context.

This iterative process can be illustrated with the following

* hypothetical example, for which there are considerable data on
hazard. While this example draws on a relatively extensive data

J. Appl. Toxicol. 2014; 34: 1-18
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set, it provides a model for considering significantly fewer data
on similar compounds, if they are taken into account from the
outset in problem formulation. Initially, a risk manager requests
that a risk assessment for the general population be conducted
for chemical X, for which exposures of potential concern are those
through drinking water. In relatively extensive (traditional) toxicity
studies (including a cancer bioassay), chemical X has caused liver
tumors in rodents. There is controversy regarding the relevance of
this particular tumor type for human health risk assessment, and,
based on the preliminary mode of action/species concordance
analysis In problem formulation, the risk manager is informed that
knowledge of the mode of action of induction of tumors in the

. relevant dose range could inform conclusions on human rele-

vance. Conduct of appropriate studies to address important data
needs and uncertainties in the mode of action analysis can then
be considered collectively by the risk manager/risk assessor in a
refined problem formulation, depending on resources available
and time frame for completion,

if additional generation of data is deemed appropriate, the
assessment enters the “research” portion of the roadmap, but with
a focused effort on generating data relevant to the mode of ac-
tion/risk assessment question at hand. The targeted relevant
mechanistic data that would inform additional assessment and/
or management do not require full knowledge of the mechanism,
but rather often quantitative information on determinants of key
events, as a basis to predict interspecies differences and human
variability better. Upon completion of relevant studies and
subsequent mode of action/species concordance analysls, the risk
manager is informed of the conclusion (i.e, whether data are
considered sufficient to support the hypothesis that the tumors
are unlikely to be of relevance to humans).

A potential variant includes the scenario that since the initial
problem formulation, the risk manager has become aware that
several other related chemicals co-occur with the substance of
interest, which may be appropriate for consideration in the same
category with chemical X in the risk assessment. The risk
manager is informed that the rationale for Inclusion of other
category members would be strengthened if the same mode
of action was suspected; relative potency could then be con-
sidered through targeted testing of an early key event. The
assessment process now enters the “assessment-specific data
generation” portion of the roadmap. Problem formulation can
be an lterative process; thus, the results of the targeted testing
would further inform the risk manager as to which chemicals
within the category are hypothesized to act via the same mode
of action, and therefore which should be included for read-
across in a combined risk assessment. The assessment process
then enters the final *risk assessment” portion of the roadmap.

Modified Framework

The mode of action framework addresses two key questions. The
first is whether there are sufficient data to hypothesize, with an ac-
ceptable level of confidence, a mode of action for a known
or suspected toxicological outcome. The second is the ex-
tent to which such a mode of action would, or is likely to,
operate In humans at relevant exposure levels (species con-
cordance analysis).

The framework can aiso be used in two quite different ways, the
first reflecting how it was initially developed, for relatively data-rich
chemicals. In this case, causal key events related to an observed
(adverse) effect associated with a specific chemical exposure are

wileyonlinelibrary.com/Journal/jat
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identified as a basis to utilize available data on kinetics and dynam-
ics maximally to inform relevance to humans and subsequent
dose-response analysis; this is referenced below as *Application
of the mode of action framework for observed (adverse) effects”
and reflects historical experience as is illustrated in many of the
case studies currently available. Following problem formulation
(Figs 2 and 3), then, a decision may be taken that a mode of action
analysis would be of value in addressing an observed toxicological
response for which the margin between measures of hazard and
estimated human exposure is such that it warrants additional
refinement of the assessment,

The second way in which the framework can be applied is
based on information on key events from appropriate in vitro
and in silico systems to predict and assess potential modes of
action and potential consequent (adverse) effects (referenced
below as “Application of the mode of action framework in
hypothesizing (adverse) effects”). The outcome of such an
analysis may be the development of a plausible case to predict
an (adverse) effect based on knowledge of putative key events
or, alternatively, the probable exclusion of certain (adverse)
effects, based on an absence of a likelihood of perturbation
leading to relevant key events.

In this context, mode of action comprises a series of causally
associated key events leading to, potentially leading to or
hypothesized to lead to an (adverse) effect. Hence, there can be
only one mode of action for one chemical or group of chemicals
leading to a specified effect under a given set of conditions, How-
ever, different chemicals, or the same chemical under different
conditions (e.g, at higher doses or concentrations), may produce
the same effect via different modes of action. An example would
be the generation of site of contact tumors in the nasal cavity.

One chemical may produce such an effect through cytotoxicity
and subsequent cell replication promoting spontaneous
mutations, another through DNA reactivity leading to gene
mutations promoted by regenerative proliferation secondary
to cytotoxicity, and a third through interaction with DNA
leading to early mutations. In addition, early key events in
competing pathways may, or often, converge to produce
the same late key event (and outcome). Each mode of action
comprising a serles of key events for a given response will be
different, but some of the key events may be common to
other modes of action leading to the same response. The
nature of the key events involved will have an impact on
the shape of the dose-response curve and on interspecies
and intraspecies differences.

The modified mode of action framework is outlined in Fig. 4
and explained in further detail below.

Application of the Mode of Action Framework for Observed
(Adverse) Effects

Only this first approach was addressed in the previous descrip-
tions of the WHO/IPCS/ILSI-RSI mode of action/human relevance
framework (Boobis et al, 2006, 2008; Meek et al, 2003; Seed
et al, 2005), from which further detailed information can be
obtained. Extension of the approach through application to help
construct more predictive groupings of chemicals was subse-
quently highlighted in Carmichael et al. (2011). A key aspect of
the approach, as illustrated through case studies, is that there
should be an unequivocal effect to address before embarking
on a mode of action analysis. H‘ence, problem formulation will

Modified Mode of Action Framework

Weight of
evidence for Key events
hypothesized
mede of action 5
(key evenis) "'/ e e ey
based on .- Adverse
modified A e effect
BradfordHt
considerations
s - .l
Assessment- 3 82 \ o :
speciic data BTOE Implications for risk
ey g o § Level of confidence A Chrtutents
Q=3 Quatitative and
quantitative human ¢
coRcordance '
i
2,3 w
Assessment- T 8 2 \ 4
specificdata 8 g g Levei of confidence
generation g ©

Figure 4. Modified mode of action/human relevance framework and its relation to data needs identified and risk assessment. The application of the
framework to assess for observed {adverse) effects and in hypothesizing (adverse) effects is illustrated. The lterative nature of the analysis and the
importance of expressing uncertainty are also highlighted. .

¥
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have identified the (critical) effect(s) of concern to be considered
in the analysis.

In general, mode of action analysis applies to a single effect in
a single tissue. In essence, there is one mode of action leading to

an effect of interest in the relevant organ for a given substance.

This mode of action entails several key events, each of which
may result from different (sometimes) competing mechanisms

Joumal of
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produce the (adverse) effect. It is important, then, to robustly
synthesize available information based on multidisciplinary
input in hypothesizing potential modes of action. In addition,
in the absence of information to the contrary, site concordance
between animals and humans is generally assumed, at least as
an initial premise. This is often the case, for example, for many
non-genotoxic carcinogens that act through perturbation of

and/or pathways, although these converge at a late stage to  physiological processes. Similarly, for many non-cancer

Modified Bradford Hill Considerations

¢ Concordance of dose—response relationships between key and end events
o Dose-response relationships for key events would be compared with one another and
with those for endpoints of concern
® Are the key events always observed at doses below or similar to those
associated with the toxic outcome?
¢ Temporal association (time) '
o Key events and adverse outcomes would be evaluated to determine if they occur in

expected order
Dose-Response and Temporality
Temporal
> >
Dose
(mg/ky body Key event 1 Key event 2 Key event 3
N weight per day)
o 2 + +
(2 ppm) 4 weeks 52 weeks
1 ++ ++ +
(10 ppm) 4 weoks 52 woeks 107 weeks
4 L 2 o L2 +4
{/ (40 ppm) 4 weeks 13 weeks 52 weeks
Dose—Response + = severity

® Consistency and specificity
o Is the incidence of the toxic effect consistent with that for the key events?
= ie., Less than that for the key events?
o Is the sequence of events reversible if dosing is stopped or a key event prevented?
* Biological plausibility
o lIs the pattern of effects across species/strains/systems consistent with the hypothesized
mode of action?
o Does the hypothesized mode of action make sense based on broader knowledge (e.g.,
biology, established mode of action)?
Figure 5. An illustration of the modified Bradford Hill considerations for weight of evidence of hypothesized modes of action. The illustration repre-
sents evolution of these considerations based on increasing experlence in application in case studies and training Initiatives intemationally. Specific

questions being addressed by each of the considerations are offered as a basis potentially to increase common understanding and consistency in their
application in mode of action analysis.
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Comperative Weight of Evidence for Hypothesized Modsas of Comparative Weight of Evidence for Hypothesized Modes of
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Figure 6. An example of comparative welght of evidence for hypothesized ytotoxic and mutagenic modes of action. Information in each of the col-
umns provides an overview of the extent and nature of the available data and its cohesiveness. Particularly important in Interpretation of relative

genic mode of action (i.e,, where mutation is an early and influential key event). Indeed, the pattem of data on genctoxicity Is completely consistent
with a cytotoxic mode of action. This would lead to the conclusion that there is greater confidence in the chemical acting by a cytotoxic than by a
mutagenic mode of action. '

Concordance Table with Dose—Response

Key event/ adverse Qualitative Evidence base Quantitative Quantitative
outcome spsacies species dose-~
concordance concordance rasponse
Metabolism by Relevantenzyme  Considerable in Physiologically P
cytochrome P450 2E1  in kidney and liver  animals: limited based Z e
of humans but relevant to pharmacokinstic E / i
humans model incorporating - % .
metabolic rates, o ol
enzyme affinities
and distribution
based on in vitro
human data
supported by in
vivo data
Sustained cell damage  Liver and kidney Considerable in No data g
and repair (cytotoxicity, target organs in animals; possible B
proliferation) humans in humans, but 3 B
limited data TS B ot
Liver and kidney Possible in Considerable in No data 2
tumors humans animais; highly 255
plausibie in :
humans %

Figure 7. An illustration of a concordance table including dose-response curve. The kinetic and dynamic data considered In assessment of mode of
action are directly relevant to dose-response analysis, which takes into consideration dose-response relationships for each of the key events.

endpoints, site concordance between test species and humans
is a reasonable first assumption, based on considerations of bio-
logical plausibility and chemical-specific mechanistic data.
However, there are exceptions to this general principle.
Consistent with species- and tissue-specific variation in metabolic
activation and detoxification, site concordance for DNA-reactive

carcinogens or other effects for which metabolism is critical is
often poor. Similarly, for some non-cancer effects induced
through a pleiotropic response, such as those that are endocrine
mediated, site concordance should not be assumed, but rather
considered, based on available mechanistic data and knowledge
related to biological plausibility.
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These possibilities would need to be scoped at the outset of
any mode of action analysis. In such cases, it may be that mode
of action analysis would benefit from considering multiple sites
in the same evaluation. However, care must be taken to ensure
that the mode of action for each effect is likely to be the same,
which will not always be the case.

Mode of action analysis relles upon biological plausibility and
coherence. The weight of evidence for a hypothesized mode of
action is addressed based on the Bradford Hill considerations,
proposed originally to examine causality of associations
observed in epidemiological studies, but later modified in
WHO/IPCS and ILSI-RSI publications on the mode of action/
human relevance framework (Boobis et al, 2006, 2008; Meek
et al, 2003; Seed et al, 2005) and additionally evolved, here.
The original templates for consideration of the weight of
evidence for a hypothesized mode of action were based on
consideration of traditional measures of toxicity, such as biochem-
ical and histopathological parameters In experimental animals,
These templates have been adapted here (Figs 5-7) to reflect
additional experience gained in the application of the framework
in an appreciable number of case studies over the past decade
and as a basis potentially to encompass additional early key
events from evolving methods to reliably predict human health
outcomes. Based on this experience, robust consideration of
dose-response relationships and temporal concordance for early
key events will be important in documenting weight of evidence
for proposed adverse outcome pathways.

Relevant considerations include dose-response relationships
and temporal concordance between specified key events and
outcome, consistency (of, for example, the incidence of key
events and outcome and changes in causally associated key
events), specificity (in the context of essentiality of key events
and reversibility) and biological plausibility, based on coherence
with the state of knowledge.

in relation to dose-response relationships and temporal
concordance, a key event cannot play a role in an (adverse)
effect if it is manifest only after toxicity has occurred or if it
occurs only at doses higher than those inducing toxicity. The
same applies to late key events relative to early key events.
There is often a close relationship between dose and time
dependency, so that the higher the dose, the earlier a key event
is observably affected, and vice versa. This pattem of dose-
response and time-response relationships can be invaluable in
assessing weight of evidence for a hypothesized mode of action
and its key events or how different key events are interrelated.
Systematic consideration of dose-response relationships and
temporal concordance between key.events and (adverse)
effects, as illustrated in Fig. 5, encourages early assimilation of
relevant information from the broader database of both short-
and long-term studies, or from different non-animal test
systems, in a mode of action context.

More detailed discussion on all of the modified Bradford Hill
considerations when applied in the mode of action analysis for
observed (adverse) effects is provided in previous publications
on the mode of action/human relevance framework and will
not be repeated here. Application and weighting of these con-
siderations continue to evolve as a basis to additionally increase
consistency and transparency in assessing weight of evidence in
mode of action/species concordance analysis.

It is essential at the outset of mode of action/species concor-
dance analysis that all reasonably plausible modes of action be
considered. These include those modes of action that have

J. Appl. Toxicol. 2014; 34: 1-18
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previously been associated with the relevant effect and any
series of key events that logically presents because of available
experimental information. The case for each plausible mode of
action should be evaluated systematically from the outset, using
modified Bradford Hill considerations.

Weight of evidence for alternative hypotheses should be
considered and assessed comparatively. Figure 6 illustrates such
an evaluation. Based on relative weight of evidence, it can be
determined whether one mode of action could be considered
with reasonable certainty to explain the (adverse) effect. Where
it Is not possible to exclude one or more modes of action, critical
data needs could be identified as a basis to inform relevant
research that could reduce uncertainty concemning the causal key
events within a mode of action, depending on the needs and
urgency of the assessment as considered in problem formulation.

The degree of confidence in the outcome should be specified,
and each step in the mode of action analysis should be
accompanied by a list of the critical uncertainties (i.e., lack of
knowledge) and associated data needs, prioritized on the basis
of their likely impact, if filled, on weight of evidence and implica-
tions for subsequent dose-response analysis.

The comparative analysis of weight of evidence for hypo-
thesized modes of action based on the modified Bradford Hill
considerations Is followed by statements on the likelihood of
each being operative to induce the critical effect, Alternatively,
depending on the needs and urgency of the assessment
addressed in problem formulation, plausible modes of action
should be considered as a basis to contrast strengths and
weaknesses of different approaches to quantification of inter-
species and intraspecies extrapolation in dose-response model-
ing. This enables risk managers to distinguish best-supported
options {i.e, those that are most certain), which s critical in
increasing transparency in separating science judgment (ie.,
considerations based on experienced consideration of the
relevant science base) from science policy determinations {eg.
embedded conservatism in human health risk assessment,
incorporated to increase public health protection). Characteriza-
tion of this nature also contributes to consistency across weight
of evidence considerations in different mode of action analyses.

An important objective of framework analysis, then, is the
description of the critical sources of uncertainty and characteriza-
tion of their impact on conclusions conceming weight of evidence
for various hypothesized modes of action and their relevance to
humans, as a basis particularly for identification of priorities for
generation of more or better data. Sensitivity of the estimate to
various assumptions can also be tested, and/or available quantita-
tive data relevant to key uncertainties can be analyzed.

Following mode of action analysis and consideration of the
assoclated uncertainties, several outcomes are possible, as
fllustrated in Fig. 4. There may be sufficient information to
conclude that a hypothesized mode of action is supported by
available evidence to explain the effect of concern and that
key events for this mode of action have been clearly identified.
Where there is insufficient information to reach a conclusion
with adequate confidence that a hypothesized mode of action
explains the (adverse) effect of concern, appropriate research
to address identified critical data needs should provide suitable
information to enable confirmation or otherwise of the
hypothesized mode of action, through iterative application of
the framework. Finally, it may be that at the conclusion of the
analysls a hypothesized mode of action is rejected and no other
mode of action logically presents itself. In such instances, it may
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be necessary to proceed with the risk assessment empirically,

using relevant information that has been obtained during the
analysis of the mode of action - for example, dose-response
and time-response information on the endpoint itself, or
relevant kinetic and dynamic data.

An important objective of mode of action analysis is to
identify those key-events that are likely to be most influential
In determining potential qualitative and quantitative differences
within and between species - that is, key events that are dose
and rate limiting. This is addressed In species concordance
analysis and Is illustrated in Fig. 7. Where It has been possible
to conclude that a hypothesized mode of action is adequately
supported by the available information with an acceptable level
of confidence, it is necessary to consider the extent to which
such a mode of action would, or is likely to, operate in humans.
Species concordance analysis starts with a statement on the
level of confidence in the weight of evidence for the
hypothesized mode of action under consideration and associated
uncertainties. The extent of this analysis is necessarily dependent
upon the test system(s) in which key events have been measured,
being less for those that best represent humans.

Consideration of mode of action also enables identification of
early events or indicators of susceptibility that could be
measured in humans (i.e., biomarkers); for example, if there is
sufficient information to support early key events such as meta-
bolic activation to a reactive metabolite, this directs attention to
the relevant parameters in humans, as a basis to predict
Interspecies (based on comparison of the relevant parameters
between humans and animals, scaled as appropriate) and
intraspecies differences (based on consideration of the relevant
parameters within different subgroups of the population). Consid-
eration of potential key events also contributes to identification of
any specific subpopulations (e.g, those with genetic predisposi-
tion or life stage differences) that may be at increased risk,

Assessment of concordance Is accomplished by systematic
consideration of the nature of the key events between and
within species, taking into account both chemical-specific and
more generic information, such as anatomical, physiological
and biochemical variations. Concordance is considered both
qualitatively and quantitatively (Fig. 7)..On rare occasions, it
may be possible to conclude that a mode of action identified
in studies in animals is not relevant to humans because of
profound qualitative differences Identified in experimental
investigation; for example, the molecular target necessary for a
key event is not present in humans, and there is no functional
equivalent. An example would be azy-globulin, which plays a
key role in the renal carcinogenicity of p-limonene (see Case
example 1) (Meek et al, 2003). Alternatively, and very infre-
quently, quantitative differences in key events may be so great
as to render the mode of action not relevant to humans at any
conceivable exposure to the substance.

of a stable intermediate, o-limonene-1,2-epoxide, which binds to
a protein, az,-globulin, which accumulates in the renal proximal
tubule cells, leading to nephropathy and cellular proliferation,
and subsequently tumors, at this site following chronic exposure,
There is strong evidence that female rats, laboratory mice and other
strains of rats for which there Is no evidence of odimonene-related
renal toxicity or tumors do not synthesize or express ay,-globulin,

Consideration of the relevance to humans of the key events
leading to renal tumors in the male rat model identified the
expression of either o,,-globulin or a homologous protein in
humans as critical. After an exhaustive analysis, no protein
capable of binding to p-limonene-1,2-epoxide could be identi-
fied from human kidney, and therefore it could be conduded
that the mode of action leading to kidney tumors in the male
rat was not likely to be operable in humans.

This is a rare example of a distinct qualitative difference
between the animal model and humans, allowing the possibllity
to conclude that a mode of action is not relevant to humans.
However, it is quite unusual to be able to demonstrate such a
qualitative difference. Rather, in the vast majority of cases, such
differences will be quantitative, and likely differences in sensitiv-
ity of response between animals and humans identified in the
mode of action analysis would be taken into account in the sub-
sequent dose-response analysis.

If the weight of evidence for the hypothesized mode of action
Is sufficient and its relevance for risk assessment cannot be
excluded, the implications for dose-response analysis and
population variability are considered in the context of identified
kinetic and dynamic data. Figure 7 indicates the relevance of
delineation of key events in hypothesized modes of action
considered to operate in humans in subsequent dose-response
analysis. In fact, there is a dose-response curve for each of the
key events, and risk for the human population is best predicted
on the basls of those key events (or a combination thereof) that
are likely to be most influential in impacting or preventing risk,
taking into account potential interspecies and interindividual
differences in kinetics and dynamics as considered in the species
concordance analysis. Rellance on earlier key events offers the
potential to better characterize and/or acquire data on effects
at lower doses or concentrations In human tissues or popu-
lations, which are more relevant for risk assessment. It also con-
tributes to the development of more relevant and informative
data for human life stages and subpopulations. For Case exam-
ple 2, these data could be used additionally in quantitative spe-
cles concordance analysis, with implications for subsequent
dose-response analysis, the identification of critical data needs
and the contribution of evolving methods - in this case, well-
designed genomic studies - see “Application of the mode of ac-
tion framework in hypothesizing (adverse) effects” below (see
also Table 2),

Case example 1: Lack of human concordance

p-Limonene provides an example of a data-rich case example
for which the mode of action has been established with confi-
dence in the animal model and extensive data are available to
demonstrate that it is not relevant to humans (Meek et al, 2003),

Hypothesized key events in the mode of action for species-
and sex-specific kidney tumors in male rats were the formation

Case example 2: Use of kinetic and dynamic data |
species concordance analysis and implications for dose-
response analysis — Contribution of well-designed genomic
studies

This example illustrates the manner in which kinetic and
dynamic data may potentially inform quantitative concor-
dance analysis, including interspecies variation and human
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Mode of action analysis also contributes to the interpreta-
tion of relatively extensive epidemiological data sets. For ex-

WHO/IPCS framework on mode of action/species concordance analysis

variability and, subsequently, dose-response analysis and ex-
trapolation. The example also iustrates how mode of action/

species concordance analysis informs meaningful generation
of critical data relevant to risk assessment, including that from
evolving methods.

Cacodylic acid (dimethylarsinic acid) is a pesticide that
causes dose-related increases in the incidence of bladder
tumors in rats, but not mice (Cohen et al, 2006b, 2007;
US EPA, 2005b). Incidence is increased significantly only
at the highest administered dose levels. The parent com-
pound undergoes reductive metabolism to a toxic metab-
olite, and observed damage to urinary epithelial cells
correlates with this pathway (see Cohen et al., 2006b; US
EPA, 2005b). The levels of toxic metabolite are significantly
increased at doses causing cytotoxicity, proliferative regen-
eration and bladder tumors. The weight of evidence from
critically evaluated data from a wide range of assays both
in vitro and in vivo indicates that the parent compound is
not mutagenic, but that the active metabolite is
clastogenic at high concentrations or doses, The concen-
tration-response relationships for cytotoxicity associated
with the active metabolite were similar in in vitro studies
in bladder cells of rats and humans, Because of
toxicokinetic differences, the toxic metabolite is expected
to form at a lesser amount in human urine compared with
rats (Cohen et al., 2006b; US EPA, 2005b).

Application of the modified Bradford Hill considerations
supported the weight of evidence for the hypothesized key
events in the mode of action, which included reductive me-
tabolism and cytotoxicity and proliferative regeneration
leading to bladder tumors (Cohen et al, 2006b; US EPA,
2005b). Weight of evidence considerations included a thor-
ough analysis of dose-response relationships and temporal
concordance as determined from benchmark dose analyses
of a range of in vivo studies of different durations. This does
not imply a 1: 1 correlation of the incidence of early and late
key events (rather, the incidence of early key events is
expected to be higher), as key events are essential, but not
necessarily sufficient in their own right.

Qualitative and quantitative concordance analysis based on
relevant kinetic and dynamic data indicated that these effects
are relevant to humans and that quantitative differences would
most likely be related to extent of delivery to the target organ of
the toxic metabolite and variations in sensitivity of the bladder
to damage induced by this metabolite. Chemical-specific ad-
justment factors could then be derived from a physiologically
based pharmacokinetic model incorporating metabolic rates,
enzyme affinities and distribution based on in vitro human data
supported by in vivo data and quantitative reflection of the sim-
ilarity in sensitivity to the active metabolite between the rat and
human bladder in in vitro studies.

The mode of induction of bladder tumors was deduced prin-
cipally based on key cytological and biochemical events in
mechanistic studies from experiments designed to address crit-
ical aspects of both the mode of action and species concor-
dance analysis. The resuits of genomic studies indicated that
similar networks were altered in rat and human urothelial cells
exposed to the active metabolite at doses similar to those in
urine at which tumors were observed in the critical bioassays.
The concordance table in Table 2 outlines confidence/uncer-
tainties in the mode of action/species concordance analysis,

ample, information on key events in mechanistic studies can
contribute to better understanding of expected (not neces-
sarily similar) target organs in humans. This is relevant to

the interpretation of negative epidemiological data based

on their power to detect the most itkely site of damage In
humans taking into account mode of action and interspecies
differences in key determinants of key events. It also contrib-
utes to the selection of appropriate biomarkers of effect in
epidemiological studies and to understanding of variations
between life stages and subgroups of the human population
(see Case example 3). i

Case example 3: Role of mode of action analysis in the
evaluation of epidemiological data

This case example illustrates the contribution of mode of
action analysis when there is substantial human evidence.

Assoclations between amblent particulate matter exposures
and increased cardlovascular mortality were first observed in
epidemiological studies without support from animal bioassays,
which led to skepticism concerning causality due to the fack of
mechanistic underpinning. Subsequent mode of action studies
shed light on key events in cardiovascular injury in humans
exposed to particulate matter and elucidated interspecies
differences and human variability in dosimetry and sensitivity
(US EPA, 2009b).

Particulate matter induces adverse effects on the cardiovas-
cular and cerebrovascular systems, such as thrombosis, plaque
rupture, myocardial infarction and stroke, via reactive oxy-
gen species, which appear to trigger systemic inflamma-
tion through the action of cytokines and other soluble
mediators. In general, systemic inflammation is associated
with changes in circulating white blood cells, the acute
phase response, procoagulation effects, endothelial dys-
function and the development of atherosclerosis, The time
course of these responses varies according to the acute or
chronic nature of the particulate matter exposure; chronic
exposures may also lead to adaptive responses.

If there is appreciable uncertainty about the relevance or
applicability of a mode of action, but critical data needs
can be identified, it may be possible to obtain such informa-
tion through conduct of appropriate studies. Table 2 includes
the concordance analysis for the example included in Case
example 2, illustrating principal areas of uncertainty, where
generation of additional data might meaningfully inform
the risk assessment.

If it is not possible to establish whether a mode of action
would, or Is likely to, operate in humans with an acceptable
level of confidence, but there is a pressing need for risk man-
agement decisions because of the urgency or the nature of
the problem, knowledge of dose-response relationships and
variability across species may still be of value in later stages
of the risk assessment.

The conclusions of the concordance analysis should be
accompanied by consideration of assoclated uncertainty and a
statement on the level of confidence that a mode of action
would, or is likely to, operate In humans.
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Table 2. Concordance analysis of key events in the mode of action associated with induction of bladder tumors in rats by cacodylic acid (Cohen et al,, 2006b; US EPA, 2005b)

Key event

Qualitative concordance

Rats

Humans

Quantitative concordance

Confidence/uncertainty

Reduction of cacodylic
acid (dimethylarsinic
acid, or DMAY) to the
highly cytotoxic
metabolite,
dimethylarsinous acid
(DMA"), in urine

Urothelial cytotoxicity

Regenerative urothelial
proliferation

Development of
urothelial tumors

Yes: In vivo studies detecting

DMA™ in urine at
concentrations that

would produce cytotoxicity
after DMAY is administered.

Yes: Scanning electron
micrographs of rat
urothelium; in vivo
cytotoxicity findings
correlate closely with
in vitro studies.

Yes: In vivo 5-bromo-2'-
deoxyuridine labeling
index data.

Yes: Responses in rats
but not mice.

Plausible: Evidence following DMAY
exposure too limited to draw
conclusions, but DMA" shown
to be present following
human exposure to
inorganic arsenic.

Human evidence from
in vitro studies of urothelial
cells, potential to occur
in vivo in humans if
sufficient DMA" is formed.

No human evidence, but
potential to occur in humans
if sufficient cell killing is
produced and sustained.

No epidemiological data:
Only if humans were
exposed to doses of DMAY that
are sufficiently high to lead to
cytotoxic levels of DMA" in the urine.

Formation of less DMA" in

urine of humans compared
with rats. Significant levels

of additional metabolite
trimethylarsine oxide (TMAQ)

in rodents; detected in

humans only at very high

doses of inorganic arsenic.
DMA" is a poor substrate

for the arsenic(lll) methyltransferase
(AS3MT) in humans, Variation
between humans and rats in
transport of DMAY across

cell membranes. Similar
magnitude of response

of human and rat epithelial
cells to DMA™, Interspecies
differences could be taken

into account in dose-response
analysis through physiologically
based pharmacokinetic

modeling and use of chemical-specific Strong and consistent evidence

adjustment factor for dynamics.

*Though the biochemical target for cytotoxicity is not understood, this information Is not essential for the mode of action.

Considerable evidence in animals;
limited in humans.

Considerable consistent evidence
that the metabolite leading
to urothelial cytotoxicity is DMA™
and that cytotoxicity Is a
rate-limiting key event;
quantitative specles differences
in key events (mode of action)
can be taken into account.?

Considerable evidence in animals,
although some inconsistencies
in the data that can be
accounted for by variability
across different laboratory studies.

supporting the sequence of key
events postulated for the develop-
ment of rat bladder tumors. Good
understanding of species differ-
ences impacting key events. Evi-
dence in humans is weak. Mode of
action Is qualitatively plausible in
humans, presuming sufficient
DMA" is present in the urine.
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Application of the Mode of Action Framework in
Hypothesizing (Adverse) Effects

Lessons learned in mode of actib.n/specles concordance analysis
for identified effects are also relevant to its application where
the (adverse) effect is not demonstrated but could potentially
be presumed based on measurement of putative early key
events In established modes of action, taking into account lines
of available evidence.

Thus, hypotheses about the key events that can lead to the
observed (adverse) effect of concern are developed. In contrast,
one can also develop hypotheses of potential (adverse) effects
that may be triggered by observed putative early key events,
based on previous generic knowledge on documented modes
of action. Both approaches involve an iterative process of
hypothesis testing and data generation.,

In this approach, the objective is to identify those modes
of action that could plausibly arise from the (series of) key
events identified, either because of previous knowledge of
their involvement in a mode of action (e.g., for related
chemicals for which there are more data) or because a plau-
sible case can be made on the basis of existing biological
understanding that such (a series of) events or perturba-
tions may reasonably lead to (adverse) outcomes under cer-
tain time- and dose-dependent conditions. The methods
used for evaluating putative modes of action will be.fit for
purpose, which will not necessarily involve one-for-one val-
idation against existing in vivo methods. Thus, at the outset,
consideration of potential key events in the mode of action
plays an integral role both in the choice of experimental
methods (in vivo, in vitro or ex vivo) and in data inter-
pretation. Based on the understanding of the causal linkage
of putative key events (either observed or anticipated),
hypotheses of the likely potential effects of exposure to a
chemical are developed in mode of action analysis. Thus,
the modified Bradford Hill considerations are just as appli-
cable here, but are not yet well tested.

In terms of quantitative dose-response assessment of the
key events, a critical factor is extrapolation of the effect
levels in vitro or predicted in silico to target tissue concen-
tration in vivo - for example, by using physiologically based
toxicokinetic modeling (referenced as quantitative in vitro to
in vivo extrapolation modeling). Thus, a key consideration is
target tissue concentration of the toxicologically active
moiety. This approach lends itself well to identification of
the causative agent (i.e, parent or metabolite) and readily
enables qualitative and quantitative information to be
obtained on the enzyme reactions involved. It may be pos-
sible to discount human relevance of some putative modes
of action based on the margin between effect levels in vitro
and anticipated target tissue concentrations in vivo, This
may be particularly important in the short term, when there
is substantial uncertainty about the significance of weak
signals obtained using in vitro methods.

As discussed above, confidence in a mode of action pos-
tulated on the basis of putative early key events identified
using non-animal methods will depend on the weight of
evidence linking these key events with a mode of action
for an adverse response from previous studies and on the
ability to “calibrate” quantitative changes in the key event
against a degree of change known to have adverse conse-
quences. An example would be inhibition of an enzyme

J. Appl. Toxicol. 2014; 34: 1-18

Copyright ® 2013 John Wiley & Sons, Ltd.

involved in neurotransmitter synthesis or degradation. The
extent to which this enzyme needs to be inhibited to pro-
duce adverse consequences may be known from studies
in vivo and could then be used to calibrate such changes
determined in vitro or predicted in silico. Integral to this
would be knowledge of the extent to which adaptive mech-
anisms operating in vivo are functional in vitro or included
in the In silico model systems.

Formal analysis of site concordance for key events may not be
necessary in this approach. Similar to the mode of action
analysis for observed (adverse) effects, data may have been
generated in tissue-specific model systems or may reflect site-
specific key events. Prediction of likely site of effect will require
additional considerations, such as the uptake and disposition
of the chemical and the activity of causal pathways in different
tissues and cell types. For example, If toxicity depends in part
upon transport into the target cell to reach a critical concentra-
tion, the presence of the transporter in different cell types would
be a key consideration in assessing potential site specificity.
Similarly, if one of the key events involved inhibition of a specific
potassium channel, the tissue distribution of this ion channel
would be an important factor in assessing site specificity.
Eventually, as knowledge of the biology of the causal pathways
increases, it may be possible to use a systems approach to
predict likely affected tissues.

Critical to interpretation of data obtained using non-animal
methods will be the model system in which information
on putative early key events was obtained and whether
coverage of more than one key event would be expected.
Some key events may be assessed individually (e.g., using
in silico approaches to predict binding affinity to a recep-
tor), whereas others may be assessed in a more integrated
system (e.g., cytotoxicity in a metabolically competent cell
system). Alternatively, high-content analysis and bioinfor-
matics may be used to identify those pathways affected
by a substance.

In the case of a well-established mode of action, the focus is
on determining whether the measured key events provide
sufficient evidence to accept the plausibility for the (adverse)
outcome without necessarily generating in vivo data specifically
to demonstrate the (adverse) outcome. Where the mode of
action has not previously been established, the possibility that
a plausible case can be made because of existing biological
understanding should be addressed. Failing this, the likely
outcome of such an analysis is the generation of a hypothesis
for a possible (adverse) effect, which can then be tested
in vivo. In any event, once a mode of action Is established, the
key events are known a priori and can then be assessed
in vitro or in silico. Thus, by understanding the likelthood of
effects (i.e, initiation of a toxicity pathway) at lower levels
of biological organization (e.g, from SARs and in vitro
models), it can be determined if more expensive and time-
consuming testing at higher levels of biological organiza-
tion (i.e,, in vivo) is needed, contributing to increasing effi-
clency in hazard testing of chemicals. Viewed from the
opposite perspective, certain in vivo testing could be elimi-
nated for substances that show no potential to initiate the
chain of events comprising the mode of action for an
(adverse) outcome at environmentally relevant concentra-
tions. In other words, tailored testing can be developed
according to screening outcomes indicating the potential
for (adverse) effects (see Case example 4).
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Case example 4: Use of mode of action analysis to guid
development of more efficient testing strategies

—l

Concepts of mode of action analysis are also helpful in guid-
ing developments in the replacement of In vivo toxicity testing.

Modes of action can be hypothesized based on reference
chemicals/pharmaceuticals where the sequence of key
events leading to a specific (adverse) effect is known at a suf-
ficient level of detall, as a basis to facilitate identification of
the characteristics and requirements of in vitro systems and
in silico models that could predict early and subsequent
rate-limiting key events in an integrated manner. Once
dose-response relationships between the key events
measured in vitro and biomarkers of response and ultimately
adverse outcome in vivo are established for reference
chemicals, including the necessary in vitro to in vivo extrapo-
lation, the toxicity of many other chemicals acting through
the same mode of action could in theory be characterized
and predicted based on the responses in the in vitro systems
and in silico models.

A large research initiative ("Safety Evaluation Ultimately
Replacing Animal Testing,” or SEURAT) is based on this
premise (Gocht et al., 2013). The first phase of this program,
which is co-funded by the European Commission under its
Seventh Framework Programme (FP7) and Cosmetics
Europe, spans a 5-year period from 2011 to 2015 and
includes six research projects, combining the research
efforts of over 70 European universities, public research
institutes and companies addressing repeated-dose toxicity
in hepatic, cardiac, renal, neuronal, muscle and skin tissues.
The strategy involves mode of action analysis to describe
how any substance may adversely affect human health and
to use this knowledge to develop complementary theoreti-
cal, computational and experimental (in vitro) models that
predict quantitative points of departure for safety and risk
assessment.

developed based on two in vitro assays: using a rainbow trout
estrogen receptor competitive binding assay to directly mea-
sure the chemical-biological interaction and a trout liver slice
assay in which the consequences of estrogen teceptor activa-
tion or inhibition are measurable as a result of tissue uptake
and partitioning of the chemical in the presence of xenoblotic

metabolism.

More broadly, consideration of SARs for specific key events
known to be involved in the mode of action of representative
chemicals with the same structural features would be invaluable
in helping to construct chemical categories and would enhance

the reliability of read-across (see Case example 6 on pyrethroids

and Case example 7 on aniiine).

Where data are available on only one or a limited number of key
events and the link to an (adverse) effect has not been sufficiently
demonstrated, the data may still be of value in helping to rank and
prioritize chemicals, as a basis for additional testing and/or decl-
sion-making based on likely relative hazard (e.g, relative potency
in modulating sodium channels, endocrine disrupting substance
prioritization) (see Case example 5).

Case example 5: Mode of action analysis in prioritizing sub-
. stances for further testing

There is a great deal of interest in prioritizing chemicals for
evaluation of endocrine disruption potential (i.e,, how best to fo-
cus on those chemicals most likely to cause adverse effects
without empirically testing all chemicals of regulatory concern).
An expert (QSAR) system was developed to predict estrogen
receptor binding affinity, using the mode of action (adverse out-
come pathway) knowledge (OECD, 2009; Schmieder et al, 2003,
2004; Us EPA, 2009a). This pathway is initiated through direct
chemical binding to the estrogen receptor, which could plausi-
bly lead to reproductive impairment. The predictive model was

Case example 6: Mode of action in the creation of
chemical categories

This example addresses the risk assessment of a new syn-
thetic pyrethroid with the same pesticidal mode of action
and insecticidal effects as other members of this structural
class of compounds. The critical effect of most pyrethroids is
reversible neurotoxicity through interaction with a common
target, neuronal sodium channels (reviewed in Soderlund,
2012). This mode of action has been established with
confidence, and hence the similarity of the pesticidal mode
of action of a new member of this chemical group will provide
evidence that the compounds share key events. This can be
used to support read-across. The risk assessment of a new
pyrethroid could then be based on the assumption that it will
share a mode of action with other pyrethrolds and its likely
relative hazard considered in this manner for a first-tier
assessment.

The mode of action involves interaction with neuronal
sodium channels (Clark and Symington, 2012; Soderiund,
2012). Hence, interaction with sodium channels is a key event
for what is often the critical effect. One could rank existing
pyrethroids for their potency in modifying the neuronal
sodium channel in a suitably designed in vitro system and
determine the potency of the new compound in this system
(Cao et al, 2011b; McConnell et al, 2012). One would also
wish to consider basic toxicokinetic aspects, such as
absorption (which could be predicted from lipid solubility)
{Hou et al, 2009) and metabolic stability (which could be
determined in in vitro test systems, such as hepatic micro-
somal fraction or cultured hepatocytes) (Scollon et al, 2009).
This information could be used, elther semiquantitatively or
with a physiologically based toxicokinetic model (Knaak
et al, 2012), to inform the choice of reference point from
among those of the compounds for which information is
already available.

Hence, by using an established mode of action for a struc-
turally weil-defined group of compounds with a common
toxicophore, it is possible to inform read-across in the early
tiers of a risk assessment. This could be refined by evaluating
specific key events in vitro and using the resulting information
to refine the read-across process. In this way, the results of
new in vitro approaches can be anchored in relevant out-
comes by using existing knowledge and concepts.
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In addition, such information would help in constructing as-
sessment groups for consideration in the risk assessment of
combined exposures to multiple chemicals (Cao et al, 201 1a).

Case example 7: Use of mode of action analysis to identify
critical data needs and testing strategies in read-across

This case example is based on a case study presented at an
Organisation for Economic Co-operation and Development
(OECD) workshop held in December 2010. It addresses a mode
of action related to the formation of methemoglobin and a
number of industrial chemicals that are anilines, which vary
in the quantity of toxicity data available (European Chemicals
Bureau, 2004). It illustrates how the understanding of the
mode of action can focus testing and. more effectively fil}
data needs for data-limited compounds.

Aniline induces methemoglobinemia, which, if severe,
can result in hemolytic anemia. Hemolytic anemia is a late
consequence of methemoglobinemia and a response to the
elimination of circulating red blood cells that contain methe-
moglobin. Aniline is first metabolized in the liver {(probably
by cytochrome P450 erizymes) to phenylhydroxylamine.
It is further oxidized in red cells, most likely to free radical
species, via nitrosobenzene. The iron in hemoglobin is
oxidized by the free radical species from Fe?* to Fe*, in
which state (i.e, methemoglobin) it cannot bind oxygen.
Decreased oxygen results in hypoxia-induced necrosis in
tissues that have high oxygen needs. Damaged red biood
cells are sequestered by the spleen and are phagocytosed
by splenic macrophages, leading to increased red blood
cell production by the blood-forming organs, primarily the
bone marrow. If the bone marrow cannot keep up with
the replacement needs, then extramedullary hematopolesis
occurs as a compensatory response. To determine the
potential of the untested anilines to result in hemolytic
anemia, in vitro testing could be conducted to measure the
formation of phenylhydroxylamine and/or methemoglobin.

Thus, the mode of action framework provides a conceptual .
construct to consider key events at different levels of biologi-
cal organization plausibly linked to an in vivo endpoint of
regulatory interest. This allows for the development and use
of alternative (in vitro) assays to target particular cellular or
physiological key events along a specific pathway. Once the
mode of action has been established, the key event data
can be used for read-across from other chemicals. If a new
chemical fits the established mode of action, this existing
knowledge can be used to justify a more efficient testing
strategy, so not every chemical needs to be evaluated in
an in vivo test.

Information on mode of action, or on critical key events, can
also be invaluable in helping to construct assessment groups
for conducting a risk assessment of combined exposure to
multiple chemicals (Meek et al, 2011; see Case example 6).

One conclusion from the application of the mode of action
framework to information obtained using non-animal methods
could be that the data are sufficiently robust to support an
established mode of action with a known causal relationship to
an (adverse) outcome. Alternatively, it may be possible to con-
clude that whereas information on one or more key events is
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missing, provision of information on this data gap would enable
a putative mode of action to be assessed with confidence. Finally,
the available data may be such that it is not possible to postulate
any mode of action with an acceptable degree of confidence.

Increasing numbers of data warehouses comprising substantial
amounts of curated information on interspecies and interin-
dividual variability in parameters relevant to many key events are
becoming available. These warehouses cover a wide range of spe-
cies- and individual-specific information, including human demo-
graphics, anatomical, physiological, biochemical, clinical chemical
and life stage-dependent parameters, genetic, genomic, epige-
netic, transcriptomic, proteomic and metabolomic information,
phenotypic variation in cellular and physiological functions, and
expression levels and activities of enzymes and transporters of
xenobiotic disposition. Such information, together with evolving
bioinformatics and computational tools, may facilitate quantitative
(both deterministic and probabilistic) analyses of variability and
more robust uncertainty analyses. These tools may also enable
more effective analysis of the frequency with which alterations of
key events and pathways are reported in similar studies, within
and across animal species, and among humans. Similarly, they
may permit a more thorough analysis of dose, exposure durations
and response relationships in pathways across studies.

it should be noted that the availability of larger quantities of
data on early potential key events to inform mode of action
analyses might lend itself to probabilistic assessments and more
robust uncertainty analyses.

Discussion and Conclusions

The WHO/IPCS mode of action/human relevance framework
has been updated to reflect experience acquired in its applica-
tion, as well as extending its utility to emerging areas in toxicity
testing and non-testing methods. The underlying principles
have not changed, but the scope of the framework has been
extended to integrate information at different levels of biolog-
ical organization and to reflect evolving experience in a much
broader range of potential applications. These applications
are relevant not only to full risk assessment for individual
chemicals, but also to evolving methods for priority setting
and assessment to meet increasing demands to more
efficiently and accurately assess and manage large numbers
of substances. They include read-across and assessment of
groups of chemicals and combined exposures. The mode of
action/species concordance analysis also informs hypothesis-
based data generation and research priorities in support of risk
assessment, related not only to (adverse) effects but also to
therapeutic intervention strategies.

Envisaged broader application is illustrated in an integrative
and iterative roadmap to address needs for assessment
identified in formal problem formulation, as a basis to tailor
the appropriate extent of mode of action/species concordance
analysis. The roadmap, problem formulation and framework
are iterative in nature, with feedback loops encouraging
continuous refinement of fit for purpose testing strategies and
risk assessment.

The relationship between mode of action and the more
recently defined “adverse outcome pathway” is also clarified;
conceptually, the terms are synonymous, with both representing
division of the path between exposure and effect into a serles of
key events (inciuding early molecular initiating events) for both
individuals and populations. However, mode of action does
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not necessarily imply adversity of effect, as is seemingly implied
by the descriptor adverse outcome pathway,

Broader application of the modified mode of action
framework is considered in two contexts, including one for
which it was originally developed, where the toxicological
effects of chemical exposure are known (i.e. when, as a
result of problem formulation, there is a desire to perform a
mode of action/species concordance analysis for an observed
toxicological effect). The outcome of mode of action
analysis in this application is acceptance or rejection of a
hypothesized mode of action or recommendation for
additional targeted research. Various case examples included
here illustrate the nature of Information required to
demonstrate lack of human concordance, the implications of
kinetic and dynamic data considered in mode of action
analysis for subsequent dose-response analysis and for the
design of targeted research studies using new methods (e.g,
genomic technologies) and the integration of toxicological
and epidemiological data.

The modified framework can also be applied in hypothesizing
effects resulting from exposure to a chemical - that is, with infor-
mation on putative key events in established modes of action
from appropriate in vitro or in silico systems and other lines of
evidence to predict and assess the likelihood of a potential
mode of action and consequent effects. With the increasing
amount of data available from evolving technologies, such as
high-throughput and high-content screening assays, QSARs
and other computational approaches, it is likely that this
latter application of the framework will be of increasing
value to the risk assessment community. The considerable
experience acquired in the application of the framework in
addressing documented (adverse) effects has a meaningful
implication to inform the more limited knowledge base in
these more predictive applications. This is illustrated in
various case examples, including the use of mode of action
analysis in prioritizing substances for further testing, in
guiding development of more efficient testing strategies
and in identifying critical data needs and testing strategies
in read-across. In this vein, mode of action considerations
should inform further development of research strategies
and data generation methods, as well as the development
of biomarkers.

The modified Bradford Hill considerations incorporated in
framework analysis from its inception are considered a critical
element to document, transparently and consistently, welght
of evidence for hypothesized modes of action. These
considerations have been updated and additionally articulated
somewhat here to reflect increasing experience in application
for cases where the toxicological outcome of chemical exposure
is known. Additional work Is also under way to further simplify
and delineate application of the modified Bradford Hill consi-
derations in mode of action analysis. This includes additional
articulation of the modified Bradford Hill considerations for weight
of evidence as a basis to contribute to common understanding,
rank ordering of their importance as well as provision of examples
of what might constitute strong versus weak evidence for each,
based on acquired experience in mode of action analysis (Meek
ME, Palermo CM, Bachman AM, North CM, Lewis RJ, submitted).

A template for extension of the concordance table in the
original framework to dose-response analysis is also in-
cluded, as is one for comparative consideration of welight
of evidence for various modes of action based on the

modified Bradford Hill considerations. Clear and transparent
documentation of uncertainties at each stage of the mode
of action analysis Is also emphasized, with the objective of
being as quantitative as possible regarding the likelihood of
a hypothesized mode of action being operative in humans.
Additional work to delineate more specifically the appropri-
ate form and content of uncertainty analysis Is strongly
recommended, -consistent with objectives and content of
ongoing initiatives in this area.

Experience in mode of action analyses for documented
(adverse) effects in human health risk assessment ls informative
in consideration of weight of evidence for hypothesized effects
(referenced as adverse outcome pathways by OECD, 2012),
based on early key or molecular initiating events. Based on this
experience, development of proof of concept for application of
the modified Bradford Hill considerations in more predictive
application is strongly recommended. This is particularly
important, in view of their significant reliance on demonstration
of the essentiality of key events and concordance of dose-
response relationships and temporality between early and late
key events, information that Is often lacking in the more
predictive application that is envisaged. Additional collaboration
between the health risk and ecological communities in this
context Is also recommended as a basis to draw on collective
experience to increase common understanding and to develop
communication and uptake strategies.

In conclusion, the modified framework and accompanying
roadmap and case examples are expected to contribute to
Improving transparency in explicitly addressing weight of
evidence considerations in mode of action and species
concordance analyses based on both conventional data
sources and evolving methods. The broader application
envisaged here emphasizes the importance of interaction
among the risk assessment, risk management and research
communities, as a basis to transition to consideration of data
from different levels of biological organization in fit for
purpose mode of action analysis (e.g., prioritization vs. fuil
assessment), while also highlighting the need to anchor data
from evolving technologies and research. Development of
the modified mode of action framework has also highlighted
the conceptually identical mode of action and adverse
outcome pathway and the resulting need for the research
and environmental and human health risk assessment
communities to move forward together to develop rigorous,
efficient and transparent methodologles to meet increasingly
progressive mandates to test and assess, more efficiently
and more effectively, much larger numbers of chemical
substances in commerce.
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Mode of action human relevance (species
concordance) framework: Evolution of the
Bradford Hill considerations and comparative
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Colin M. North and R. Jeffrey Lewis

ABSTRACT: The mode of action human relevance {MOA/HR) framework increases transparency in systematically considering
data on MOA for end (adverse) effects and their relevance to humans. This framework continues to evolve as experience
increases in its application. Though the MOA/HR framework is not designed to address the question of “how much
information is enough” to support a hypothesized MOA in animals or its relevance to humans, its organizing construct
has potential value in considering relative weight of evidence (WOE) among different cases and hypothesized MOA(s). This
context is explored based on MOA analyses in published assessments to illustrate the relative extent of supporting data
and their implications for dose-response analysis and involved comparisons for chemical assessments on trichloropropane,
and carbon tetrachloride with several hypothesized MOA(s) for cancer. The WOE for each hypothesized MOA was summarized
in narrative tables based on comparison and contrast of the extent and nature of the supporting database versus potentially
inconsistent or missing information. The comparison was based on evolved Bradford Hill considerations rank ordered to
reflect their relative contribution to WOE determinations of MOA taking into account increasing experience in their
application internationally. This clarification of considerations for WOE determinations as a basis for comparative analysis
is anticipated to contribute to increasing consistency in the application of MOA/HR analysis and potentially, transparency
in separating science judgment from public policy considerations in regulatory risk assessment. Copyright © 2014. The
Authors. Journal of Applied Toxicology Published by John Wiley & Sons Ltd.

Keywords: human relevance framework; mode of action; welght of evidence; key events; evolved Bradford Hill considerations

Introduction

The mode of action/human relevance {MOA/HR) framework is an
analytical framework designed to increase transparency in the
systematic consideration of the weight of evidence (WOE) of
hypothesized MOA(s) for critical effects and their relevance to
humans. It was developed in initiatives of the International Life
Sciences Institute Risk Sciences Institute (ILSI RSl and the
International Programme on Chemical Safety (IPCS) and derives
from earlier work on MOA by the US Environmental Protection
Agency (USEPA) and IPCS (Sonich-Mullin et al, 2001).

The development and evolution of the IPCS ILS! RSI MOA/HR
framework, which has involved large numbers of scientists inter-
nationally, is described in several publications (Boobis et al,
2006, 2008; Meek, 2008; Meek et al, 2003; Seed et al, 2005).
Potential application in a broader range of relevant contexts
has been considered more recently (Carmichael et al, 2011;
Meek and Klaunig, 2010). The framework has been illustrated
by an increasing number of case studies (n=30, currently), and
is widely adopted in international and national guidance and
assessments (Meek et al, 2008), including those of the USEPA
(Dellarco and Baetcke, 2005; Manibusan et al, 2007; SAB, 1999,
2007; SAP, 2000; USEPA, 2005a). Building on this collective expe-
rience, the framework has been updated recently, to address
uncertainty additionally and to extend its utility to emerging
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areas in toxicity testing and non-testing methods. The update in-
cludes incorporation within a roadmap, encouraging continuous
refinement of fit-for-purpose testing strategies and risk assessment
(Meek et al, 2014), i

In addition to increasing transparency through structured
articulation of the evidence and uncertainties upon which
conclusions are based, MOA/HR analysis also contributes to the
transparent assimilation of all available data in both a risk assess-
ment and research context. This Is important because it facilitates
identification of critical data needs and contributes to transpar-
ency in the separation of science judgment (ie, weighting of
options based on systematic consideration of available scientific
support) from public health protection policy, the latter
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sometimes involving embedded conservatism to increase public
health protection.

Though the MOA/HR framework is not designed to address
the question of “how much'information is enough” to support
a hypothesized MOA in animals or its relevance to humans, its
organizing construct has value in considering relative WOE
among different cases and hypothesized MOAs. Comparative
WOE evaluation for MOA/HR analysis is illustrated as a basis to
increase common understanding of the nature of transparency
required to document the relative degree of confidence in
supporting data for hypothesized MOAs. To demonstrate
this approach, WOE for MOA/HR analysis in two published
assessments (i.e,, carbon tetrachloride and 1,2,3-trichloropropane
[TCP]) (USEPA, 2009, 2010) is comparatively considered in the
context of evolved Bradford Hill (B/H) considerations intro-
duced here to promote better common understanding and
consistency in use. The focus here is not on the conclusions
of the assessments but rather, the utility of comparative analysis
for WOE evaluation in MOA/HR analysis, These cases were
specifically selected to exemplify varying degrees of WOE for
several hypothesized MOA.

Methods And Results

Details of the updated MOA/HR framework are available else-
where (Meek et al, 2014). Briefly, the WOE for a hypothesized
MOA in animals is assessed based on considerations modified
from those proposed by Bradford Hill (Hill, 1965) for assessment
of causality in epidemiological studies. HR or species concor-
dance is then systematically considered, taking into account
more generic information such as anatomical, physiological
and biochemical variations. If the WOE for the hypothesized
MOA is sufficient and relevant to humans, implications for
dose-response in humans are then considered in the context of
kinetic and dynamic data. Delineation of the degree of confidence
in the WOE for hypothesized MOAs s critical, as is the delination
of critical research needs.

Establishing support for or rejection of a hypothesized MOA
provides the foundation for subsequent considerations of dose—
response, HR and estimates of risk. It involves (1) delineation of
key events leading to the end (adverse) effect in a hypothesized
MOA and (2) evaluation of all of the data to consider the extent
of the supporting WOE for the hypothesized MOA., Importantly,

Table 1. Template for weight of evidence based on evolved Bradford Hill considerations

Evolved Bradford Hill Considerations

M. E. (B.) Meek et al.

if alternative MOA(s) are supported, these are evaluated with
equal rigor in separate MOA/HR framework analyses. Ultimately,
depending upon the application, there may be a need to draw a
conclusion on the sufficiency of data supporting a MOA, to assess
different risk management options. The comparative analysis of
WOE was developed as a basis for increasing common under-
standing of the nature of transparency required to document the
degree of confidence in the sufficiency of supporting data for
hypothesized (potentially competing) MOAs.

A template for WOE analysis of MOA based on the evolved
B/H considerations is presented in Table 1. In this approach,
supporting data, inconsistent data and missing information are
evaluated and tabulated in the context of the evolved B/H
considerations presented here. The data In this table are considered
in totality to assess the WOE for a MOA. In addition, the evidence
can be used in a comparative manner to gain perspective on
the relative degree of confidence that a hypothesized MOA is
operative, based on the extent of supporting WOE compared
to that for another postulated MOA for the same chemical or
for the same MOA for other chemicals,

As illustrated in Table 1, WOE analysis is heavily dependent on
the B/H considerations. Previous iterations of modified B/H consid-
erations have been applied inconsistently in MOA/HR analyses,
which may be attributable in large measure to the availability
of only relatively general, early guidance in this area (USEPA,
2005b; Sonich-Mullin et al, 2001). Some of the considerations
have been misinterpreted due to a lack of common understand-
ing of their appropriate level of application to MOA data in a WOE
context; Le,, in overall data synthesis and evaluation of sufficiency
of evidence to support a MOA decision versus the Initial phase of
systematic review (ie., data selection and individual study
review). Table 2 summarizes the varlation in definitions of the
B/H considerations in MOA analysis, which may also have
contributed to Inconsistency in application.

Evolved B/H considerations have been proposed and clarified
here through delineation of the specific aspects addressed by
each, as framed by a serles of questions {captured below and
summarized in Table 3). These questions build on those
presented in Meek et al. (2014), based on additional experience
in considering transparency in existing assessments as a basis to
document comparative WOE. These evolved B/H considerations
are proposed, then, not only as a basis to increase consistency in
making WOE determinations for hypothesized MOA(s), but also to

Supporting Data Inconsistent Data Missing Data

1. Blological Concordance
2. Essentiality of Key events
3. Concordance of Empirical Dose-response
Observations among Key Events Temporality
Incidence
4. Consistency
5. Analogy

For a postulated mode of action, supporting data, inconsistent data and missing data are tabulated in the context of the evolved
; Bradford Hill considerations. Input in the supporting and inconsistent columns captures only what has been observed. Input in the
¢ missing column includes only that which is technically feasible and that is important for informing the mode of action. Cells are left
i blank in instances where data do not exist or are inadequate for evaluation. A brief narrative should accompany this table to
i describe the overall determination as to whether the data support or refute the hypothesis.
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Table 2. Definition of the Bradford Hill considerations for application in mode of action analysis

Bradford Hill Considerations
(Hill, 1965)

IPCS MOA/HR Framework (Boobis et al,
2006; 2008; Sonich-Mullin et al, 2001)

EPA Cancer Guidelines (USEPA, 2005b)

Evolved Bradford Hill consideraﬁons

Strength

Strength of the association
between suspected cause
and observation,

Consistency

Repeatability of an association
by different persons, in
different places, circumstances
and times.

Specificity

The association is limited to a
specific population and to
particular sites and types of
disease.

Temporality

The exposure occurs before
the effect.

Biological gradient

Risk of diséase increases with
increasing exposure.

Plausibility
Biological knowledge supports
suspected causation.

Coherence

The assoclation agrees with the
generally known facts of the
history and biology of the
disease.

Experiment
Experimental evidence alters the
frequency of associated events.

Strength

Unclearly defined. Considered
together with specificity and
consistency.

Consistency

Repeatabllity of the key events in
different studies. Considered
together with strength and
specificity.

Specificity

Stop/recovery studies show an
absence or reduction of toxicity
when a key event is blocked or
reduced. Considered together
with strength and consistency.

Temporal association

Key events should be observable
before toxicity is apparent.

Dose-response relationship

The dose-response for key events
parallel the dose-response for the
toxic effect. Increases in incidence of
a key event correlate with increase
in incidence of later key events.

Biological plausibility and coherence

Consistent with current understanding
of biology. Considered together with
coherence.

Coherence

Consistency with what is known
specifically about the overall
biological effects of the
substance. Considered together
with biological plausibility.

N/A

Has not been mentioned in recent
publications on the MOA/HR framework.

Strength
The finding of large risks increases confi

dence the association is not due to chance.

Consistency
Pattern of elevated risk observed
across several independent studies.

Specificity
One cause associated with a single
effect or disease.

Temporal relationship

When exposure is known to precede
development of the disease,

Biological gradient

Increasing effects associated with greater
exposure.

Biological plausibility

Consistency with data from experiments
or other sources demonstrating
biological plausibility.

Coherence

Information supporting cause and effect
from other lines of evidence (ie., animal
bioassays, toxicokinetic studies and
short-term studies). - -

Experimental evidence

when a change of exposure in a2 human popu

lation brings about a change in disease.

N/A
Not considered applicable for evaluating
MOA data.

Consistency

Is the pattern of effects across species/
strains/ organs/test systems what
would be expected?

Essentiality of key events

Is the sequence of events reversible if
dosing Is stopped or a key event
prevented?

Temporal concordance

Are the key events observed in
hypothesized order?

Dose-response concordance

Are the key events observed at doses
below or similar to those associated
with the end (adverse) effect?

Biological concordance

Does the hypothesized MOA conflict
with broader biological knowledge?
How well established is the MOA in the
wider biological database?

N/A

Not considered applicable for evaluating
MOA data

N/A
Not considered applicable for evaluating
MOA data.
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/ promote consistency in thelr application based on accumulating
experience Iinternationally.

The evolved B/H considerations are described in more detail
below. These considerations appear In rank order based on
thelr appropriate welighting of relative contribution to WOE
determinations for hypothesized MOA(s), with those listed
first contributing most significantly. Examples for evaluating
weak to strong evidence for each evolved B/H consideration
are also discussed.

Biological Concordance

* Does the hypothesized MOA conflict with broader biological
knowledge?
* How well established is the MOA?

broader chemical specific knowledge?
effect less than that for preceding

Is the occurrence of the end (adverse)
key events?

Evolved Bradford Hill considerations
Would the MOA be anticipated based on

Incidence concordance

Analogy

Evidence for a hypothesized MOA must satisfy the consider-
ation of blological concordance. If available data on the hypoth-
esized MOA are at odds with biological understanding, the
hypothesis does not constitute a reasonable option for consider-
ation. For instance, if a hypothesized early key event cannot con-
ceivably lead to a subsequent hypothesized key or end event, it
need not be considered.

The extent of evidence for biologlcal concordance would be
considered stronger, for example, if the hypothesized MOA has
been well documented for a broad range of chemicals, and weaker
if the hypothesized MOA Is conceivable based on limited data or it
has been hypothesized based simply on the possibility that none
of the key events are at odds with biological understanding.

relationships and information on

structural analogues.

N/A

Essentiality of Key Events

EPA Cancer Guidelines (USEPA, 2005b)
Insight gained from structure activity

Analogy

* Is the sequence of events reversible if dosing is stopped or a
key event prevented (i.e., counterfactual evidence)?

’

The extent of counterfactual evidence (i.e, experimental sup-
port for the necessity of a key event) is one of the principal de-
terminants of WOE for a hypothesized MOA (Borgert et al, 2011).
For example, experimental evidence in animal models that lack a
key metabolic pathway (e.g., knock out animal models) and fail
to develop the end (adverse) effect would support essentiality of
a key event, Similarly, if following cessation of repeated exposure
for various periods, effects are reversible (i.e. late key events
and/or the end (adverse) effect Is prevented), this constitutes
relatively strong evidence that key events are causal.

It Is important to note that by its nature, counterfactual evi-
dence typically addresses the necessity of an individual key
event in a hypothesized MOA. Therefore, it may not always be
helpful for disceming between two possible MOAs that share a
key event. For example, if a chemical requires metabolic activa-
tion to be carcinogenic, a negative result in a 2-year cancer
bioassay in an animal model null for the necessary activating en-
zyme supports that metabolism is necessary for carcinogenesis
but is not helpful for differentiating between a MOA involving
metabolic activation followed by direct DNA damage versus a
MOA involving metabolic activation followed by cytotoxicity
and regenerative proliferation.

Support for the esséntlality of key events is considered stronger
when there is direct counterfactual evidence supporting multiple
key events in the hypothesized MOA. Evidence Is considered
weaker when evidence involves indirect measures for key events
i (i.e, the key event is inferred from the actual measured endpoint)

2006; 2008; Sonich-Mullin et al, 2001)

N/A
publications on the HR/MOA

framework.

N/A
relationship definition.

IPCS MOA/HR Framework (Boobis et al.
Has not been mentioned in recent
Considered as part of dose-response

different association supports

causation,

N/A

(Hill, 1965)
HR, human relevance; MOA, mode of action.

Bradford Hiil Considerations
Information for a similar but

Table 2. (Continued)

Analogy

wileyonlinelibrary.com/journal/jat Copyright © 2014. The Authors. Journal of Applled Toxicology J. Appl. Toxicol. 2014
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Table 3. Proposed changes to the Bradford Hill considerations and guidance for interpretation to improve application in the MOA/HR framework?

Evolved Bradford Hill
considerations

Defining questions

Evidence for evaluating degree of support for the mode of action

Stronger

Weaker

1. Biological Concordance
(replaces biological plausibility &
coherence)

2. Essentiality of Key Events
(replaces strength, and specificity)

3. Concordance of Empirical
Observations among
Key events
(encompasses dose response and
temporal concordance and beyond)

4. Consistency
(among different biological contexts)

*5. Analogy
(consistency across chemicals)

MOA, mode of action.

erations are rank ordered based on their appropriate weig

contributing most significantly.

Does the hypothesized MOA conflict
with broader biological knowledge?
How well established is the MOA?

Is the sequence of events reversible if
dosing is stopped or a key event
prevented?

Dose-response: Are the key events ob-
served at doses below or similar to
those associated with end (adverse)
effect? g

Temporality: Are the key events ob-
served in hypothesized order?

Incidence: Is the occurrence of the end
(adverse) effect less than that for the
preceding key events?

Is the pattemn of observations across
species/strains/organs/test systems
what would be expected based on
the hypothesized MOA?

Would the MOA be anticipated based
on broader chemical specific knowl-
edge (e.g, the chemical is a member
of a category for which related
chemicals have known or strongly
suspected MOA)?

MOA is well established in scientific
knowledge and/or completely consistent
with established biological understanding.

Counterfactual evidence to support key events
(e.9., absence/reduction of later events
when an earlier key event is blocked or
diminished).

Dose-response and temporality: expected
pattern of temporal and dose-response
relationships based on robust database
(multiple studies with examination of key
events at interim time periods and at least
3 doses).

Incidence: incidence of early key events is
greater than end (adverse) effect.

Pattem of effects are what would be expected
across species, strains, organs and/or test
systems.

Observations are consistent with those for
other (related) chemicals having well
defined MOA,

MOA is contrary to well established bio-
logical understanding.

MOA requires biological processes that
are novel or poorly established.

Data on reversibility only, indirect evidence
only for key events or limited data avai-
able to assess,

All key events occur at all dose levels and
all time points and/or limited data
available to assess (e.g. inadequate
dose spacing, missing key time periods
for effect development, or failure to as-
sess incidence at early time points).

Incidence of early key events Is lower
than the end (adverse) effect and/or
limited data available to assess,

Significantly inconsistent pattern of ef-
fects or limited data available to assess
(e.g., effect only observed in a single
rat strain).

Pattern of effects for other (related)
chemicals is distinctly different. Insuff-
cient data to evaluate whether chemi-
cal behaves like related chemicals
with similar proposed MOA.
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or non-specific inhibition of key events. For example, for a MOA
hypothesized to involve binding to a receptor, demonstrating
an end (adverse) effect Is prevented by knocking-out or
downregulating expression of the receptor is stronger than
counterfactual evidence using a non-specific inhibitor.

Concordance of Empirical Observation Among Key Events

Concordance of empirical observations contributes considerably to
the WOE for hypothesized MOA(s). Specifically, concordance of
dose-response, temporality and incidence are key considerations.
Each of these is addressed separately below. While not weighted
as heavily as biological concordance and essentiality of -key
events, concordance of empirical observation across dose—
response, temporality and incidence contributes significantly to
WOE. Relationships and outliers should be carefully evaluated
to understand whether the WOE strongly supports or is discor-
dant with the hypothesized MOA, including consideration of
cohesiveness across all three aspects of empirical observation.

Concordance of Dose-response Relationships Among Key
Events

* Are the key events observed at doses below or similar to
those associated with the end (adverse) effect?

In past MOA analyses, assessment of dose-response has
sometimes been misinterpreted as simply addressing the ques-
tion: “Is there evidence of a dose-response relationship for key
events and/or the end (adverse) effect?” While this question is
relevant to hazard characterization, it does not address dose-
response concordance in relation to the WOE for a hypothesized
MOA. Rather, the latter addresses the consistency of observed
dose-response relationships among key and end (adverse)
effects, as framed explicitly in the question above,

The hypothesized MOA is not supported in scenarios for
which there is evidence that early key events occur only at
higher doses than the end (adverse) effect. For example, a hy-
pothesized receptor-based MOA is not supported by evidence
indicating that receptor binding occurs only at doses well above
those that cause frank liver injury, though it is important to con-
sider if this might be a function of dose spacing in the relevant
studies. Benchmark dose analyses for the dose-response

Table 4. Dose-response and temporal concordance analysis template

Tampara/

M. E. (B) Meek et al.

relationships in key and end events are the most appropriate
measure for consideration of thelr concordance, as they provide
for direct comparison of comparable doses associated with a
specified Increase in each of the key events and/or end (adverse)
effects and normalize for variations in dose spacing and group
sizes in different studies.

Examination of the pattern of dose-response relationships is
particularly important in considering the degree of support for
hypothesized mutagenic MOAs (i.e, where mutation is an early
and influential key event). For example, observation of a muta-
genic response at high (cytotoxic) doses in genotoxicity assays
is supportive of hypothesized MOAs where mutation Is a
secondary consequence of Increased proliferative response
resulting from tissue damage.

Concordance of Temporality (Time) Among Key Events
* Are the key events observed in hypothesized order?

Temporal concordance refers to the observation of key events
in sequential order as described in the hypothesized MOA. In
other words, earlier key events should be observed to precede
later key events and the late (adverse) effect. Stronger evidence
for temporal concordance is obtained when key events at in-
terim time points demonstrate the hypothesized order (either
in a single robust study or across multiple studies). Such evi-
dence can often be acquired in studies examining the reversibil-
ity of key events and end (adverse) effects following various
periods of exposure. Weaker evidence occurs when temporal
data on key events are missing.

The template presented in Table 4 is often helpful in deter-
mining the extent to which evidence fulfills consideration of
dose-response and temporal concordance in WOE analysis for
MOA. If the hypothesized MOA Is supported, the table should fill
diagonally from the top left-hand corner to the bottom right-
hand corner. This “pattern” supports a continuum of the relation-
ship between early key events occurring at lower doses than late
key events and outcome. Evidence of dose-response and tem-
poral concordance is, for example, weaker if all key events occur
at all dose levels and time points. Evidence is stronger, for exam-
ple, if there is a reasonable range of studies of different dura-
tions with a minimum of three dose levels each and the
“pattern” of results in this table (Table 4) s as described above.

Keyovant 2 Koy evant 3

.1 Doss Koy ewent 1
i
L4
Doge-Response
Source: Meek and Klaunig (2010).
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Concordance of Incidence Between Key Events and End
(Adverse) Effects

* Is the occumrence of the end (adverse) effect less than that for
the preceding key events?

Clear evidence of the concordance of the incidence of the end
(adverse) effect with that for early hypothesized key events is in-
fluential in contributing to WOE for hypothesized MOA(s). The
incidence of hypothesized early key events should be greater
than that for later key events and the (adverse) outcome, consis-
tent with the important biological underpinning that key events
are essential but not necessarily sufficient, to induce the relevant
end (adverse) effect. For example, the hypothesis that cytotoxic-
ity followed by regenerative proliferation are key events in the
induction of specific tumors would be supported by the observa-
tion that the incidence of the former (cytotoxicity/regenerative
proliferation) is greater than that for the latter (tumors) at a sim-
ilar dose. “Incidence” here refers to the occurrence of a lesion of
defined severity for each of the key and end events. It should be
noted that a 1: 1 correlation of the incidence of early and late
key events Is not anticipated; lack of evidence for a 1: 1 correlation
does not detract from contribution to the overall WOE. Consistent
with the essentiality (but not necessarily sufficiency) of key events,
lack of 1: 1 concordance is not unexpected, being a function of
biological variability; i.e, lesions will not have progressed to the
end (adverse) effect in all animals at the termination of exposure,

Consistency

* Is the pattern of observations across species/strains/organs/
test systems what would be expected based on the hypoth-
esized MOA?

Evidence of internal consistency within the collective data set
for a chemical contributes to increased confidence in the WOE
supporting a MOA. For example, if the initial hypothesized key
event is oxidative metabolism to a reactive intermediate, are
the target tissues and organs those which would be expected
based on knowledge of distribution of the relevant metabolic
enzyme? Evidence of consistency is stronger if the pattern of
species-, strain- and sex-related variations in response s what
would be expected based on known differences in metabolic
profiles (e.g., extent and rate of metabolism to the putatively toxic
entity). Evidence is weaker if there is either significant inconsis-
tency in the expected pattern of the collective data based on the
hypothesized MOA (e.g.. the effect or result is only demonstrated
in a single rat strain when data are available for multiple strains, for
all of whom metabolizing capacity for the relevant pathway is
anticipated to be similar) or when there are limited data available
to assess this aspect.

Analogy

* Would the MOA be anticipated based on broader chemical
specific knowledge?

Convincing evidence that the hypothesized MOA is operative
for a broad range of chemically similar substances also contrib-
utes significantly to WOE. For example, consider the case where
reductive metabolism for chem ically similar substances is associ-
ated with a particular pattem of observations leading to the
end (adverse) effect. If the pattern of observations for a related

J. Appl. Toxicol. 2014
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chemical is distinctly different, the evidence Is weaker that these
effects are produced by a similar MOA. On the other hand, if there
Is an extensive database lilustrating that the MOA of Interest is oper-
ative and leads to similar end (adverse) effects for several closely
structurally related chemicals as Identified, for example, by
(quantitative) structure-activity modeling, evidence is stronger.

The rank order of the B/H considerations suggested above
reflects their relative contribution to WOE determinations of
MOA and is based on evolving experience internationally. In es-
sence, data that conflicts with a broader biological understand-
ing ranked highly here may be grounds for considering the
available supporting data as inconsistent with the hypothesized
MOA, whereas lack of concordance of some empirical data is of-
ten due to variations in, for example, dose spacing or adminis-
tered doses in various studies and based on careful evaluation,
would not detract meaningfully from the supporting database.
In assessing the totality of the WOE, it is helpful to systematically
take into account all of the considerations presented here as a
basis to contribute to transparency in decision making. Such
assessment benefits most from multidisciplinary input from both
the relevant research and risk assessment communities. How-
ever, there Is no minimum number of these evolved B/H consid-
erations that must be met to determine sufficiency and/or
associated confidence but rather, in thelr careful, systematic,
more transparent and consistent consideration, cohesiveness
(or not) of the supporting data becomes evident. It Is also impor-
tant to recognize that while some of the evolved B/H consider-
ations may address the association of just one key event to the
end event (e.g, essentiality of key events) the WOE determina-
tion is based on consideration of the interdependence of the
key and end events in the hypothesized MOA.

Comparative Weight of Evidence Case Studies

To illustrate the utility of the comparative WOE approach, assess-
ments for two chemicals (USEPA, 2009, 2010) were selected as
case studies (e, carbon tetrachloride and TCP). The assessment
of carbon tetrachloride drew on a previous evaluation of the US
EPA (Manibusan et al, 2007), though the conclusions varied.
These assessments were chosen based on the condition that
B/H considerations for WOE had been explicitly addressed, con-
sistent with the analysis in the MOA/HR framework for several
potential MOA(s) for carcinogenicity. The focus here was not
on the conclusions of the assessments; rather, the extensive
review and synthesis of data therein provided the opportunity
to address the potential utility of comparative analysis based
on the evolved B/H considerations for WOE in MOA/HR analysis.
As such, the evidence and conclusions were not re-evaluated but
were simply extracted from the referenced assessments and
summarized in the narrative tables presented (Tables 5a,b and
6) for the purpose of illustrating the methodology. Similarly,
assessment of the underlying investigations was not consid-
ered, though based on the approach presented here, this might
constitute an important next step. The literature reviews were
also not updated, as the current analysis does not focus on
particular chemicals but rather the potential value of the
proposed methodology.

Carbon Tetrachloride

This analysis is based on a published hazard and dose-response
assessment for carbon tetrachloride (USEPA, 2010). Carbon

wileyonlinelibrary.com/journal/jat
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Table 5. (a) Comparative weight of evidence analy

Evolved Bradford Hill
considerations

sis for carbon- tetrachloride: cytotoxic MOA?

Supporting data

Inconsistent data

Missing data

1. Biologica! concordance

2. Essentiality of key events

3. Concordance of empirical
observations

Dose-response

Temporality

Incidence
4. Consistency

5. Analogy
MOA, mode of action.

Sustained cytotoxicity and proliferation
.Is a well-established MOA for chemically
mediated carcinogenicity.

No carbon tetrachloride induced liver
toxicity in CYP2E1 knockout mice,

CYP450 inhibitors prevent carbon
tetrachloride liver damage.

Mice treated with CYP450 inducers have
increased carbon tetrachloride toxicity in
subchronic and chronie studies,

Cytotoxicty and proliferation are observed
at doses equal to or lower than doses at
which tumors develop in rats and male
mice

Progression from cytotoxicity to
hepatocellular proliferation is supported
in acute and subchronic studies in
rodents.

Temporal relationship of Cytotoxicity,
repair, proliferation and tumor
development is also supported in
chronic cancer bioassay in rats.

Hepatic toxicity, necrosis and regenerative
proliferation have generally been
reported in animals exposed to carbon
tetrachloride orally or by inhalation and
are correlated with CYP450 content.

Some evidence of DNA damage observed
in concert with Cytotoxicity.

Tumors elevated at the lowest dose
tested in female mice (5 ppm)
without hepatocellular damage.

Temporal relationship in female

One study reported development of
tumors in mice at doses that did not
produce necrosis but design of study
may have influenced this result as
animals were killed 1 month after last
treatment.

®All conclusions in the above tables were extracted from the original US EPA toxicology review on carbon tetrachloride (USEPA, 2010).

(b} Comparative weight of evidence analysis for carbon tetrachloride: mutagenic MOA®

1. Biological concordance

2. Essentiality of key events
3. Concordance of
empirical observations

Dose-response

Genotoxic MOA is well established for
chemically mediated carcinogenicity.

Genotoxicity generally found at doses
with cytotoxic effects.

mice is not clearly defined.

Measurement of genetic damage

to DNA has not been well
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tetrachloride caused hepatocellular adenomas and carcinomas
in rats, mice and hamsters in oral studies and In rats and mice
following inhalation exposure. In addition to liver tumors, adre-
nal pheochromocytomas were observed in male and female
mice following oral and inhalation exposure, for which it was
concluded that data were inadequate to evaluate MOA. There
was no increase in pheochromoctyomas in rats.

Based on the analysis of available data, including that on MOA,
it was concluded in the assessment (USEPA, 2010) that the agent
is likely a human carcinogen. Further, a potential MOA for carbon
tetrachloride-induced liver tumors was hypothesized, with the
following key events that included: (1) metabolism to the
trichloromethy! radical by CYP2E1 and subsequent formation of
the trichloromethylperoxy radical; (2) radical-induced damage
leading to hepatocellular toxicity; and (3) sustained regenerative
and proliferative changes in the liver In response to hepatotoxicity.
The possibility that carbon tetrachloride may act via a mutagenic
MOA (i.e, where mutation is an influential early key event in the
induction of tumous versus, for example, being secondary to tissue
damage) was also considered but not evaluated in a manner
based on WOE considerations consistent with the MOA/HR frame-
work. Based on the inconsistencies in the database supporting a
potential role for the cytotoxicity, regenerative, proliferation-based
MOA at the low end of the experimental exposure range and
the complexity of the genotoxicity database, it was concluded
that, “... the carcinogenic MOA for carbon tetrachloride is not
known. Therefore, consistent with the Guidelines for Carcinogen
Risk Assessment (USEPA, 2005b), linear low-dose extrapolation as
a default approach was applied to data for liver tumors and pheo-
chromocytomas® (USEPA, 2010),

that do not cause cytotoxicity.

characterized at dose levels
Genetically damaging events
occurring at or below doses
that induce cytotoxicity in
laboratory rodents.

observed are lower than doses for
which mutagenicity has been

evaluated.
Limited positive results in genotoxicity

assays appear more related to a
Cytotoxic response than to a

generally found in concert with
mutation event

Cytotoxicity.

data are primarily negative,

Temporality not observed. Genotoxicity
Doses where cytotoxic events are

Extensive in vitro and in vivo genotoxic

1,2,3-Trichloropropane

This analysis is based on a hazard and dose-response assessment
of TCP released in 2009 (USEPA, 2009). Based on the observed
statistically significant dose-related increases in multiple tumor
types in both sexes of rats and mice in a 2-year carcinogenicity
assessment (NTP, 1993) and related mechanistic data {including
that on genotoxicity), it was concluded that TCP is “likely to be
carcinogenic to humans”® via a mutagenic MOA. Relevant data
for alternative MOA(s) such as cytotoxicity with tissue repair
and disruption of cell signaling were considered insufficient to
evaluate. It was further concluded that the available data support
a hypothesized mutagenic MOA with two key events: (1) metab-
olism to a DNA-reactive compound, and (2) (early) induction of
mutations. A low-dose linear extrapolation approach to dose-
response analysis was applied, consistent with the Guidelines for
Carcinogen Risk Assessment (USEPA, 2005b)

Temporality
Incidence

Comparative Weight of Evidence Analysis

Narrative comparative WOE summary tables were constructed
for the hypothesized and alternative MOA(s) for carbon tetra-
chloride (Table 5a,b) and for a mutagenic MOA for TCP (Table 6)
based on the consideration and evaluation of the data in the
existing assessments (USEPA, 2009, 2010). For each postulated
MOA, supporting data, inconsistent data and missing informa-
tion were tabulated in the context of the evolved B/H consider-
ations. As per MOA/HR framework recommendations, the
information in the supporting and inconsistent data columns
capture what has been observed, not what might be possible
if more experiments had been performed. In addition, the

2All conclusions in the above tables were extracted from the original US EPA toxicology review on carbon tetrachloride (USEPA, 2010).

4. Consistency
5. Analogy
MOA, mode of action.

J. Appl. Toxicol. 2014 Copyright © 2014, The Authors. Journal of Applied Toxicology wileyonlinelibrary.com/journal/jat
Published by John Wiley & Sons Ltd.
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Table 6. Comparative weight of evidence analysis for 1,2,3-triéhldropropane: mutagenic MOA

Evolved Bradford Hill considerations Supporting data®

Inconsistent data® Missing data®

1. Biological concordance Genotoxic MOA is well established
for chemically mediated
carcinogenicity

2. Essentiality of key events Inducers/inhibitors of metabolism alter
amount of DNA binding

3. Concordance of empirical Dose-response  Dose-related formation of DNA-reactive

observation © Mmetabolite, DNA adduct formation,
tumor formation and time to tumor.
Temporality Metabolism to reactive intermediate occurs

within hours of exposure, adducts appear
within hours and days of exposure, and
tumors first appear after ~ 9 months,

Incidence
4, Consistency Mutagenic effects in vitro accompanied by
limited evidence of in vivo mutagenicity.
5. Analogy Other halogenated aliphatic chemicals

(1,2,-dibromoethane and 1,2-dibromo-3-
chloropropane) are mutagenic
carcinogens.

Other genotoxic chemicals are multisite
and multispecies carcinogens.

MOA, mode of action.

Evidence for adduct conversion
to genetic damage

No data to assess whether adduct
formation frequency different
from tumor frequency.

Adducts occur in tissues where no
neoplastic effects were reported
(spleen, iiver and glandular stomach),
Negative resuits from in vivo
genotoxicity assessments
(dominant lethal and micronucleus).

. *All conclusions in the above tables were extracted from the original US EPA toxicology review on 1.2,3-trichloropropane (USEPA, 2009).
®The IRIS assessment did not comment on missing data; the information here represents the authors' views.
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information noted in the missing column only includes that
which is testable and important for informing the MOA (i.e, crit-
ical data needs). Ideally, a discussion on whether the missing in-
formation is critical and would detract from or impact conclusions
regarding the proposed MOA should accompany this comparative
WOE table. Blank cells would typically represent instances where
data either do not exist or are Inadequate for evaluation. However,
In this case, as the analysis draws upon an existing assessment,
blank cells may also represent where text was either absent or
inadequate to address the evolved B/H considerations.

Qualitative Assessment of Overall Evidence

For both case studies, the focus Is not to conclude on the
sufficiency of underlying data to support a particular MOA conclu-
sion, but rather to illustrate the utility of the comparative WOE
approach for increasing transparency in the assimilation of data.

Visually, Tables 5(ab) and 6 highlight the availability of
supporting and discrepant data on the MOA(s) evaluated for car-
bon tetrachloride and TCP. Comparative WOE analysis, for the
two hypothesized MOA(s) for carbon tetrachloride based on the
published assessment (USEPA, 2010), indicates that the supporting
data for the hypothesized MOA involving cytotoxicity (necessarily
within the range of experimental observation) fulfill a number of
the evolved B/H considerations. This contrasts with the compara-
tively more limited support for the hypothesized mutagenic
MOA. This difference highlights:

(1) the potential utility of comparative analysis for assessing the
WOE of alternative MOA(s) for individual chemicals, based
on the evolved B/H considerations to more explicitly indi-
cate the degree of confidence in a particular MOA, and

(2) the desirability, in the interest of transparency and consis-
tency, of separating conclusions reflecting assessment of the
relative WOE for MOA in the observable experimental range
based on articulated and explicit considerations from those
based on inference or extrapolation to the low-dose range. It
is anticipated that such an approach has the potential to in-
Crease transparency in delineating science Judgment determi-
nations from those related to public policy.

The comparative WOE analysis for TCP also provides a basis
for comparison across chemicals of a relatively strong database
for a mutagenic MOA, which can be contrasted with one that
is relatively weak, potentially as a basis to increase consistency
in determinations. In this case, perspective on the degree of con-
fidence in the supporting WOE for the hypothesized mutagenic
MOA for carbon tetrachioride (T: able.5b) can be gained through
comparison with the nature and extent of data available for the
stronger database for TCP (Table 6).

Discussion

Comparative aspects of WOE analyses are Illustrated here as a
basis to contribute to transparency and consistency in delineat-
ing confidence/uncertainty in MOA/HR analysis based on the BH
considerations. As noted by Guyton et al. (2008), Hill's (1965)
considerations were not developed originally for evaluation of
experimental/mechanistic data, though their utility for applica-
tion in modified form to assess WOE in MOA analysis has been
repeatedly though inconsistently tested. Based on increasing
experience internationally in MOA/HR analysls (see, for example,
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Boobis et al, 2006, 2008, Meek et al, 2014), evolved B/H consid-
erations are proposed here and clarified through delineation of
the specific aspects addressed by each as framed by a series of
questions. Definitions for these considerations have been addi-
tionally simplified and tailored to application in MOA analysis.
The evolved B/H considerations were also rank ordered to reflect
their relative contribution to WOE determinations and their util-
ity exemplified in a comparative WOE approach.

The evolved B/H considerations build on previously published
iterations and reflect experience in the application of MOA
analysis. Several terms were clarified to facilitate assimilation of
relevant chemical specific and biological data (ie., “specificity”
is now termed “essentiality of key events,” "biological plausibility
and coherence” is now termed “biological concordance” and
concordance of empirical observations among key events delin-
eated). In addition, considerations with limited relevance for
evaluating MOA data (i.e, “strength,” “coherence” and “experiment”)
were eliminated while other considerations (ie, “analogy” and “inci-
dence concordance”) were added based on evolving experience
with larger numbers of chemicals. It is hoped this evolved terminol-
ogy, which reflects more common understanding within the
broader risk assessment (versus epidemiological) community, will
additionally contribute to consistency of use in MOA analysis. Finally,
considerations were redefined as a basis to promote consistency
and utility. For example, in publications of the IPCS MOA/HR frame-
work (Boobis et al, 2006, 2008; Sonich-Mullin et al, 2001), consis-
tency is defined as repeatabllity of key events in different studies;
while in the USEPA cancer guidelines, consistency refers to the pat-
tern of elevated risk observed across several independent studies
(USEPA, 2005b). Nelther definition accurately reflects the use of
consistency in evaluating the WOE for hypothesized MOA(s). The
former simply assesses reproducibility of results and, as such, may
only contribute to the level of confidence in the occurrence of
one key event. The latter definition is more appropriate to the
assessment of the reproducibllity of results in epidemiological and
not mechanistic data sets. Consistency in the context of the MOA/
HR framework more appropriately relates to evaluation of the
WOE supporting interdependence of the key and end (adverse)
events. Therefore, conslstency was redefined here to reflect support
of the pattem of effects across species/strains/organs and test sys-
tems for the hypothesized MOA. For example, if metabolism is a
hypothesized key event in a carcinogenic MOA, the pattem of
species-, strain- and sex-related variations in tumor response is com-
pared to that expected based on known differences in metabolic
profiles in the test systems. As such, it is not as important to assess
if the occurrence of tumors is reproducible across studies, but rather,
if the presence or absence of tumors in various species and strains is
consistent with the hypothesized MOA.

Comparative WOE analysis is Hllustrated as a means of increasing
understanding of the nature of transparency that is essential
when evaluating confidence in the supporting WOE for hypothe-
sized (potentially competing) MOAs. In doing so, it also provides
a basis for increasing consistency In evaluation. Presentation
of an overview of the data In a comparative manner (le, as
supporting, inconsistent and missing) based on templates that
cue evaluators concerning critical aspects provides concise
insight into the extent of available data and relevant patterns in
the existing database, which support various levels of confidence
in considered options. In addition, this presentation concisely
communicates areas of uncertainty (inconsistent data column
and blank cells) and highlights areas of greatest impact for future
research (missing data column). Ideally, further transparency on
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the impact of this information (i.e. supporting, inconsistent and
missing data) on the MOA conclusions would be provided in a
detailed, supplemental discussion.

Synthesis of a collective data set to evaluate WOE for a

hypothesized MOA is -complex and challenging, requiring
multidisciplinary input from both the research and risk assess-
ment communities. This analysis is dependent upon transparent
and consistent evaluation of the extent and nature of both
chemical-specific and biological data versus supposition about
possibilities for which there is essentially no experimental
support. Characterization of the evolved B/H considerations is
anticipated to contribute to more robust and transparent analy-
ses, as a basis also to discourage, without clear rationale, the
discounting of well-supported options based on the emphasis
of outlying data of lesser quality.

This manuscript extends MOA/HR assessment through evolu-
tion of the B/H considerations and illustration of a comparative
WOE analysis. Ultimately, it is anticipated that the additionally ar-
ticulated and comparative aspects, which build on considerable
recent experience in MOA analysis, will contribute to increasing
transparency, consistency and methodological rigor in separat-
ing aspects of science judgment (i.e, weighting of optlons based
on transparent consideration of available scientific support) from
those of public policy in regulatory risk assessment (the latter of
which sometimes involves embedded conservatism, to increase
public health protection).
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